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An examination of the biosynthetic pathways which are now 
known in the mammal reveals that whenever a_ biosynthetic 
step involves a reduction, the pyridine nucleotide utilized is 
triphosphopyridine nucleotide, and whenever a_ biosynthetic 
step involves an oxidation, the pyridine nucleotide utilized is 
diphosphopyridine nucleotide. More specifically, the reducing 
agent is reduced triphosphopyridine nucleotide, and the oxidiz- 
ing agent is oxidized diphosphopyridine nucleotide. The main 
exception to this generalization is the reduction catalyzed by 
glyceraldehyde 3-phosphate dehydrogenase during the synthesis 
of hexose from lactate (1). The striking dichotomy between 
TPNH and DPN in biosynthetic pathways is echoed by the 
ratios of TPNH to TPN and DPNH to DPN which are found in 
the cell. The ratio of TPNH to TPN is generally greater than 10 
and is sometimes greater than 30. The ratio of DPNH to DPN, 
on the other hand, is usually less than 1.0. Moreover, the sum of 
the concentrations of TPNH + TPN is highest in organs which 
are most active biosynthetically, that is, organs such as liver, ad- 
renal, and the lactating mammary gland (2). The ratio of 
TPNH to TPN is high in these tissues, although they may be 
respiring rapidly. A high level of TPNH is thus generated and 
maintained under oxidizing conditions. The ratio of DPNH 
to DPN, on the other hand, is low, and the oxidized form of 
DPN predominates. The two pyridine nucleotides form two 
separate oxidation-reduction systems which do not equilibrate 
with each other. The mechanisms which maintain and control 
these ratios are not understood. 

The work to be described in this and subsequent papers at- 
tempts to test whether the introductory thesis is correct, and 
to assess the quantitative importance of various substrates as 
donors of hydrogen in reductive biosyntheses. Two sources of 
hydrogen for the synthesis of fatty acids are compared in this 
paper, the hydrogen from position 1 of glucose and the hydrogen 
from position 2 of lactate. 


EXPERIMENTAL PROCEDURE 


Glucose-1-H*—This was prepared by the reduction of glu- 
cono-6-lactone with sodium borohydride-H’, after the method 
of Wolfrom and Wood (3). The lactone (0.75 g) and a crystal 
of bromothymol blue were dissoved in 5 ml of water in a small 
vessel which was stirred mechanically and kept on ice. <A solu- 
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tion of 0.20 g of the labeled sodium borohydride in 5.0 ml of 
ice-cold water was added to the solution of the lactone, 2 drops 
at a time, over a period of 50 minutes. The reaction mixture 
was kept at a greenish yellow color by the careful addition of 
1 N HSO,. A further 0.5 ml of 1 N HeSO,4 was added 10 min- 
utes after the addition of borohydride had been completed. The 
resulting solution contained 721 mg of glucose (yield, 96%). 
It was passed through a column of Dowex 1l-acetate (200 to 
400 mesh, 10% crosslinked) with a resin bed 1.5 em in diameter 
and 15 em high. The column was washed with water until 
over 99° of the radioactivity had been eluted. The combined 
effluents were placed on a second column of Amberlite IRC-50, 
hydrogen form (<200 mesh, washed by decantation until free 
of slowly sedimenting material) with a resin bed size as above. 
The column was washed as before, and the combined effluents 
were evaporated to about 0.5 ml on a rotary drier. The result- 
ing syrup was applied in a line to a 25-inch wide sheet of What- 
man No. 17 paper. After electrophoresis in 0.1 Mm pyridine 
acetate buffer (pH 7.5), at 20 volts per cm, 6 ma, for 3 hours, 
the paper was dried. Autoradiography revealed a single band 
of radioactive material. This was cut out, eluted with water, 
and the eluate was taken to dryness on a rotary drier. Abso- 
lute ethanol (13 ml) was added and the mixture was heated at 
80°. An insoluble residue was removed by centrifugation and 
discarded. A small amount of a gum separated from the solu- 
tion on standing at —15° for several days. The yield of glucose 
in the supernatant was 71%. When required, portions of the 
ethanolic solution were taken to dryness and the residue was 
dissolved in water. The compound ran as a single spot on paper 
chromatography in three different solvent systems. When the 
radioactive material was chromatographed with carrier glucose, 
the shape of the spot obtained by autoradiography was identical 
to the shape of the spot obtained by spraying the paper with a 
solution of aniline oxalate followed by heating. This confirmed 
that the radioactivity was associated only with glucose. A 
solution containing the radioactive compound and carrier glu- 
cose was treated with bromine water for 30 minutes. Gluconic 
acid formed by the oxidation was separated from unchanged 
glucose, salts, and radioactive water by ion exchange chroma- 
tography on Dowex 1-formate. The gluconic acid so obtained 
contained no measurable radioactivity. This shows that the 
glucose from which it originated contained tritium only in 
position 1. 

Chemicals—Sodium ,t-lactate-2-H*, sodium borohydride-H?, 
and sodium acetate-1-C“% were obtained from New England 
Nuclear Corporation. All other chemicals were of reagent 
grade. 
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Tissue Techniques—Rats were killed by decapitation, bled, 
and the liver or mammary glands were excised quickly and 
placed in ice-cold Krebs-Ringer-bicarbonate medium. All sub- 
sequent operations were performed at 0-5° until the incubations 
were started. Portions of the tissue were sliced on a mechanical 
slicer (4). The 0.3-sq mm tissue slices so produced were sus- 
pended in fresh medium in a centrifuge tube, and were washed 
by gentle sedimentation in a hand centrifuge fitted with a fly-out 
head. A few seconds of centrifugation sufficed to force the 
tissue to the bottom of the tube. The washing was repeated 
twice more. <A portion of the tissue was suspended in medium 
in a graduated centrifuge tube, and tissue was added or sub- 
tracted with a spatula until there was 0.5 or 1.0 ml] of packed 
tissue in the tube. Medium was now added to a total volume 
of 5.0 ml, and the mixture was poured into a 25-ml Erlenmeyer 
flask. After the addition of 0.1 or 0.2 ml (10 wmoles) of sub- 
strates, the flask was gassed with 95°% 025°; COs, stoppered, 
and placed in a shaking water bath at 38°. Liver and mammary 
gland slices prepared and incubated in this manner synthesized 
fats from acetate-1-C™ at a rate which remained linear for at 
least 1 hour. To stop the reaction, the contents of the flask 
were centrifuged briefly in a hand centrifuge, the supernatant 
was decanted, and 4 ml of 1'mM sodium ethoxide in ethanol were 
added to the residue. The mixture was heated in a water bath 


TABLE [ 
Transfer of hydrogen from position-1 of glucose and position-2 of 
lactate in synthesis of fatty acids by rat liver 
Each flask contained 1.0 g of liver slices, 4 ml of Krebs-Ringer- 
bicarbonate medium, and 10 uwmoles each of either glucose-1-Hé 
and acetate, or lactate-2-H* and acetate, or glucose and acetate- 
Gas phase 95°) 02-59% 38°, 1 hour. 


H incorporated into fatty acids 


—— Acetate incorpor- 
ated into liver 


Glucose-1-H3 
From glucose-1-H From lactate-2-H 


atoms /molecule acetate mumoles/g/hr 
0.35 1.16 0.30 3.7 
0.20 0.66 0.30 7.2 
TABLE II 


Transfer of hydrogen from position-1 of glucose and position-2 of 
lactate in synthesis of fatty acids by rat liver 

Each flask contained 1.0 g of liver slices, 4 ml of Krebs-Ringer- 
bicarbonate medium, and 10 wmoles each of either glucose-1-H? 
and acetate, or lactate-2-H’ and acetate, or glucose and acetate- 
C'*. Gas phase 95° O2-5° COs, 38°, 1 hour. The fasted rats 
were fed white bread for the times indicated. The results are 
the averages of figures obtained with pairs of rats. 


H incorporated into fatty acids 
Acetate incor- 
glucose- lactate- 
1-H 2-H 
atoms/molecule acetate mymoles/g/hr 
Fed controls........ 0.72 0.25 7.9 
Fasted 48 hours, then fed 
7 hours 1.0 0.34 0.72 
| 0.58 0.8 0.73 9.4 
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at 70° for 4 hours, ethanol being added occasionally to maintain 
the volume. The mixture was centrifuged and the supernatant 
was evaporated to about 1 ml. The pH was brought to less 
than 2 by adding 0.5 ml of 12 N H.SOy. The mixture was ex. 
tracted with 3 xX 5 ml of petroleum ether. The combined ex. 
tracts were evaporated and the residue was counted in a toluene 
scintillation medium. Mammary gland slices from animals 
killed shortly after parturition were difficult to wash and measure 
out by the technique described above. Some floated and the 
remainder sank on centrifugation. In this case, the washing 
liquid was removed with a drawn out dropper. 

Fatty acid mixtures isolated from tissues were dissolved and 
counted in 18 ml of toluene containing 4 g per liter of 2,5-dj. 
phenyloxazole and 50 mg per liter of 1,4-bis-2(5-phenyloxa. 
zolyl)benzene. Solutions of glucose, lactate, and acetate were 
counted by dissolving 0.05 ml samples of the solutions in 18 ml 
of methanol-toluene (12:88, volume for volume) containing the 
same concentrations of scintillators. Internal standards con- 
sisting of toluene-H’ and benzoic acid-C™ were used to measure 
the efficiencies of all counts. Counting was done in duplicate 
for 10° counts or 30 minutes, whichever was the shorter, in a 
Packard Tri-Carb scintillation counter. Background counts 
were 40 c.p.m. for H* counting and 15'c.p.m. for C™ counting, 
The specific activities of the radioactive compounds used were: 
glucose-1-H*, 6.7 10°; lactate-2-H*, 5.1 10°; and acetate- 
1-C4, 2.6 104 ¢.p.m. per umole. 


RESULTS 


Transfer of Hydrogen from Position 1 of Glucose and Position 
2 of Lactate in Synthesis of Fatty Acids by Slices from Normal 
Rat Liver—Tissue slices were incubated with (a) glucose-1-H? 
and nonradioactive acetate, (b) lactate-2-H* and nonradioactive 
acetate, and (c) acetate-C™ and nonradioactive glucose. The 
results were expressed as atoms of hydrogen incorporated into 
fatty acids. To render the results independent of the amount 
of fatty acids synthesized, the ratio (hydrogen incorporated 
from position 1 of glucose to hydrogen incorporated from posi- 
tion 2 of lactate) was also calculated. The results with normal 
liver (Table I) show that there is only a small utilization of 
hydrogen from position 1 of glucose for fatty acid synthesis. 
Furthermore, the hydrogen from position 2 of lactate is utilized 
three times more effectively than that from position 1 of glucose. 
Very similar results are obtained when the substrates are used 
at one-fifth the concentration shown in Table I, and when the 
incubation is shortened to 30 minutes. 

Hyperlipogenesis—The situation which prevails in normal 
liver might be changed under conditions in which fatty acid 
synthesis is greatly increased (5). As is shown in Table II, 
there is indeed an increase in the utilization of the position 1 
hydrogen of glucose during hyperlipogenesis induced by feeding 
fasted animals, but at no time is the utilization of the hydrogen 
from position 1 of glucose greater than that of the hydrogen 
from position 2 of lactate. The level of glucose-6-P dehydro- 
genase is elevated 40-fold in the course of such hyperlipogenesis 
(5), but there is no correlation between this increase in the 
measurable amount of glucose-6-P dehydrogenase and _ the 
amount of hydrogen from position 1 of glucose which is utilized 
for fatty acid synthesis. It is not known whether the level of 
lactate dehydrogenase changes during hyperlipogenesis. 

Transfer of Hydrogen in Synthesis of Fatty Acids by Slices 
from Lactating Mammary Glands—In the lactating mammary 
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TaBLeE III 


Transfer of hydrogen from position-1 of glucose and 
position-2 of lactate in synthesis of fatty acids by 
mammary gland from lactating rats 
Each flask contained 0.5 g of mammary gland slices, 4.5 ml of 
Krebs-Ringer-bicarbonate medium, and 10 wmoles each of either 
glucose -1- H3 and acetate, or lactate-2-H' and or glucose 
and acetate-C'4. Gas phase 95% O2-5% COs, , 1 hour. The 
number of days for which the animal lactated eth being killed 
is indicated as the litter age. The last line shows the results 
obtained with an animal whose litter was augmented with that 
from another rat. ee 


Litter H incorporated into fatty acids | 
| Lactate-2-H3 
F F 
Age Size glucose 1-H’ lactate-2-H3 | 
atoms/molecule acetate | 
11 0.11 | 0.57 | 0.19 
3 10 0.41 | 0.28 | 1.5 
10 10 0.97 0.04 24 
2 22 1.33 | (0.27 | 4.9 


gland, incorporation of hydrogen from position 1 of glucose into 
fatty acids increases with the advance of lactation until it is 
the major source of hydrogen (Table III). At the same time, 
the contribution of hydrogen from position 2 of lactate dimin- 
ishes, and there is a 125-fold change in the ratio (hydrogen 
utilized from position 1 of glucose to hydrogen utilized from posi- 
tion 2 of lactate) over a period of 10 days. An even more rapid 
changeover to the utilization of hydrogen from position 1 of 
glucose can be effected if the demand on fat synthesis is in- 
creased by doubling the size of the litter. 


DISCUSSION 


The results shown in Table I suggest that the glucose-6-P 
dehydrogenase reaction, and hence the pentose phosphate path- 
way, are not major sources of TPNH in the livers of animals 
kept on a normal diet. The utilization of the hydrogen from 
position 1 of glucose and the hydrogen from position 2 of lactate 
increases in the course of hyperlipogenesis induced by feeding 
fasted animals (Table II). The rates of biosynthesis of fat and 
glycogen in the liver are unusually high during this condition. 
Moreover, there is a large increase in the activities of glucose-6-P 
and 6-P-gluconate dehydrogenases during this period (5). It 
can be argued that the figures obtained for the utilization of the 
hydrogen in position 1 of glucose should be doubled when the 
contribution of the pentose phosphate pathway towards the 
generation of TPNH from TPN is considered. If this is done, 
the significance of the results shown in Table I remains essen- 
tially the same. The results shown in Table II would then 
show that the pentose phosphate pathway dehydrogenase reac- 
tions make a higher contribution to the generation of TPNH 
than does the lactate dehydrogenase reaction 24 and 48 hours 
after refeeding. Even then, the contribution of lactate is still 
relatively and unexpectedly high compared to that of glucose. 
The amount of hydrogen 1 of glucose which is incorporated into 
fatty acids by being carried along with carbon 1 of glucose 
remains to be determined experimentally. It may form a con- 
siderable proportion of the total amount of hydrogen 1 of glucose 
which is incorporated into fatty acids. The involvement of the 
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pentose phosphate pathway dehydrogenases is therefore prob- 
ably less, and not more, than is indicated by Tables I, II, and 
Ill. When the experiment shown in Table II was repeated 
with one-fifth the concentrations of glucose-1-H* and lactate- 
2-H*, the results obtained were similar to those shown in Table 
II. Nevertheless, measurements of the concentrations and 
rates of turnover of endogenous glucose and lactate would pro- 
vide a better guide to interpreting the ratios of the utilization of 
the hydrogens of glucose and of lactate. 

The utilization of the hydrogens from position 1 of glucose 
and position 2 of lactate for fatty acid synthesis in slices of mam- 
mary glands obtained from rats 1 day after parturition is similar 
to that found in liver slices. Thereafter, the contribution of 
hydrogen 1 of glucose increases 9-fold over a period of 10 days 
(Table I11). During this period, there is a large increase in the 
activities of the pentose phosphate pathway dehydrogenases 
(6). Concurrently, there is a sharp drop in the utilization of 
hydrogen 2 of lactate (Table III). The reason for this is not 
known. Tables II and III show that liver and mammary 
gland respond differently in terms of the utilization of hydrogen 
from position 1 of glucose and position 2 of lactate under condi- 
tions when the pentose phosphate sine th is elevated in both 
tissues. 

The pathway of the hydrogen from sailitin 2 of lactate into 
fatty acids is not known. One possibility is that the reducing 
agent in fatty acid synthesis is DPNH and not TPNH. This is 
unlikely in view of the preference which the extramitochondrial 
fatty acid-synthesizing enzymes show for TPNH (7). A second 
alternative is that a TPN-specific lactate dehydrogenase reaction 
transfers hydrogen 2 of lactate to yield TPNH. This can be 
discounted on the following grounds. (a) A TPN-specific lactate 
dehydrogenase has not been found in liver.’ (b) The reactivity 
of the DPN-specific lactate dehydrogenase with TPN is very 
poor. It is, however, increased as the pH is lowered. At pH 
7.2, the ratio of rates with DPNH and TPNH is kppxru:krenug 
= 20 (8, 9). (c) The ratio of 20 was obtained with unphysio- 
logically high concentrations of pyruvate (1.7 mm). At lower 
pyruvate concentrations, kKppna:krpna is much higher.' The 
high preference of lactate dehydrogenase for DPN, as well as 
the high ratio of TPNH to TPN and the low ratio of DPNH to 
DPN found in whole liver make it most likely that DPN, and 
not TPN, is the hydrogen acceptor for lactate dehydrogenase 
in vivo. A third alternative is that a substrate-linked transhy- 
drogenase reaction can act as a source of TPNH in the extra- 
mitochondrial part of the cell (8, 10-14). There is at present 
no evidence in favor of this alternative, and the physiological 
significance of such transhydrogenase reactions is in doubt (15). 

An alternative pathway for the transfer of hydrogen 2 of 
lactate into TPNH and hence into fatty acids is as follows: 


lactate-2-H* — pyruvate (+ DPNH*) COs 


DPNH? 


malate-2-H* — fumarate-2,3-H*? — 


malate-2 ,3-H3 a3 pyruvate + CO: + TPNH? 


oxaloacetate 


This pathway has many side reactions, and rate measurements of 
the whole reaction sequence are necessary to decide whether it 
need be considered seriously. The experiments of Shreeve (16) 
provide an approach for doing this. At present, the simplest 
explanation of the results shown in Table II appears to be that 


1N.O. Kaplan and M. M. Ciotti, personal communication. 


ntain 
atant i 
O less 

Sex. | 

dex. | 

luene 

asure 
d the 
ishing 

yloxa- 

were 
ISml 
ig the 

con- F 
-asure 

licate 
, ima 
‘ounts 
nting. 

were: 

E 


1216 


the transfer of hydrogen from position 2 of lactate to fatty acids 
involves an unknown reaction of lactate or of DPNH. Perhaps 
lactate reacts in an activated form, or DPNH is converted to 
TPNH by a DPNH kinase. 

Hoberman (17), who fed p,t-lactate-2-H? to fasted rats by 
stomach tube, could find no incorporation of deuterium into the 
fatty acids of the liver. This was probably missed because 
fasted animals synthesize only small amounts of fat in the liver 
within 3 hours after refeeding (5). In Hoberman’s experiments, 
the liver glycogen of the animals was found to become labeled 
appreciably when p,L-lactate-2-H? was fed to the animals. This 
is to be expected, inasmuch as no other substrate was readily 
available to the liver. The incorporation of deuterium from 
p,L-malate-2-H? was about one-third of that observed with 
lactate, and that from p,.L-@-hydroxybutyrate-2-H? was not 
significant. The results reflect the intracellular distribution of 
the dehydrogenases involved in the metabolism of lactate, 
malate, and @-hydroxybutyrate. Hoberman interpreted his 
results as showing that the DPNH formed in the liver from 
lactate is available for the reduction of P-glycerate, whereas 
DPNH formed from malate and 8-hydroxybutyrate is not so 
available. His results are, however, hard to interpret because 
the relative extent to which these substrates were metabolized 
by the liver is not known. Lactate is attacked and converted 
to glucose chiefly in the liver (18). The same may not be true 
of malate, which could, for example, be metabolized to lactate 
in other tissues, before being converted to glycogen in the liver. 
6-Hydroxybutyrate is not gluconeogenic, and, apart from being 
oxidized to acetoacetate, it is not metabolized by liver. More- 
over, the relative extent to which externally administered 
6-hydroxybutyrate is oxidized by the liver as compared to other 
tissues is not known. The results of Hoberman cannot there- 
fore be taken as proving that the transfer of hydrogen between 
the lactate and the triose phosphate dehydrogenase reactions is 
more “‘specific’’ or more ‘‘closely coupled” than is the transfer 
of hydrogen between the extramitochondrial malate and the 
triose phosphate dehydrogenase reactions. The results reported 
in this paper are not complicated by the presence of different 
organs. Both lactate and glucose-6-P dehydrogenases occur 
predominantly in the extramitochondrial fraction of the cell 
(19). Nevertheless, the data in Tables I and II do not provide 
evidence for or against the specific coupling of the reductive 
reactions of fat synthesis. 

Isotopic effects must be taken into account in the interpreta- 
tion of experiments which involve the use of tritium. Measure- 
ments of hydrogen isotope effects in dehydrogenase reactions 
have been few (20, 21). Hoberman and D’Adamo (22) have 
administered lactate-2-H? and lactate-2-H* together to fasting 
rats. The H?:H? ratios for positions 4 and 6 of the glycogen- 
hexose isolated in these experiments did not differ significantly 
from the H?:H?* ratio for position 2 of the lactate used as start- 
ing material. These results do not permit the conclusion that 
there are no isotope fractionation effects with respect to the 
H':H? or H':H? ratios in pyridine nucleotide-linked dehydro- 
genase reactions, but they suggest that the isotope effects in 
different reactions are of similar magnitude. Until H!:H?® iso- 


tope effects for the dehydrogenase reactions under discussion 
have been measured it is safest to rely on comparative data, 
such as the ratios (hydrogen incorporated from hydrogen 1 of 
glucose to hydrogen incorporated from hydrogen 2 of lactate) 
which are quoted in Tables I, II, and ITI. 
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SUMMARY 


The incorporation into fatty acids of the hydrogens from 
position | of glucose and position 2 of lactate has been compared 
with the aid of tritium-labeled substrates. Hydrogen 2 of lage. 
tate is incorporated more effectively than hydrogen 1 of glucose 
in both normal liver, and in liver undergoing hyperlipogenesis 
The situation is reversed in the case of lactating mammary 
gland. In this tissue, the incorporation of hydrogen 1 of glu. 
cose increases considerably, and that of hydrogen 2 of lactate 
diminishes greatly, as lactation progresses. Some of the meta. 
bolic pathways and reactions involved in these hydregen trans. 
fers are discussed. 


Acknowledgment—The assistance given by Miss Sandra Smith 
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Addendum—We have found that only certain types of white 
bread produce greatly enhanced hepatic lipogenesis when fed to 
fasting rats. In order to obtain this effect routinely, it is prefer. 
able to use a high carbohydrate diet of the type used by Gilmore 
and Samuels (23) as modified by Tepperman and Tepperman 
(5). It has been found advantageous to stop the incubations 
by homogenizing the tissue slices in chloroform-methanol and to 
extract the fats with this solvent (24). The extract 1s evaporated 
to dryness, and the residue is then treated with alcoholic sodium 
hydroxide, etc., as described in “Experimental procedure.” 
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The intracellular distribution of triphosphopyridine nucleo- 
tide-specific isocitrate dehydrogenase activity was first studied 
by Hogeboom and Schneider (1). It was reported that in 
mouse liver, 80 to 90% of the enzyme activity is found in the 
soluble, extramitochondrial part of the cell, whereas most of 
the remainder of the activity is found in the mitochondria. 
Similar results were obtained by Ernster and Navazio (2) for 
the distribution of the triphosphopyridine nucleotide-specific 
enzyme activity in rat liver. Both groups of workers realized 
that failure to demonstrate full enzymatic activity with intact 
mitochondria is a permeability phenomenon, and exposed such 
mitochondria to various kinds of damaging treatment in order 
to render the intramitochondrial enzyme measurable (2-4). 
These experimental findings are difficult to reconcile with the 
view that the reactions of the citric acid cycle occur only in the 
mitochondrial (cyclophorase) particles (5-7). 

Evidence is presented in this paper that in liver the capacity 
of extramitochondrial enzymes to catalyze the conversion of 
acetate to a-ketoglutarate is equal to or greater than the normal 
rate of oxidative metabolism of the whole tissue. The hypothe- 
sis is advanced that this extramitochondrial portion of the citric 
acid cycle may serve as a major source of extramitochondrial 
reduced triphosphopyridine nucleotide. 


EXPERIMENTAL PROCEDURE 


High speed supernatant fluid of rat liver was prepared in 
0.25 m sucrose according to the method of Schneider (8). The 
clear solution was withdrawn from the centrifuge tubes, care 
being taken not to disturb the turbid top layer. The monopo- 
tassium salt of L,(+)-isocitrate was a gift from Dr. H. Vickery 
(9). Sodium acetate-1-C“ was purchased from New England 
Nuclear Corporation. Two-dimensional paper chromatography 
on Whatman No. 3 paper was carried out, and autoradiograms 
of the chromatograms were prepared according to the method 
of Calvin and Benson (10). Radioactive spots were cut from 
the chromatograms and eluted with water. Aliquots of the 
eluates so obtained were used for radioactivity assays and for the 
purpose of chemical identification of the radioactive material. 
The presumed identity of an unknown compound was estab- 
lished by rechromatographing portions of the unknown with 
reference compounds. The presumed identity of the unknown 
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compound was then confirmed or denied by isotope dilution. 
Citrate and isocitrate ran closely together in the two-dimensional 
solvent system used in these experiments. Sometimes complete 
separation, and at other times no separation, could be observed 
on viewing the autoradiograms. Citrate was identified as fol- 
lows. <A portion of the eluate of a radioactive spot presumed 
to be citrate was taken to dryness and 50 mg of authentic citric 
acid was added. The mixture was dissolved in 0.1 ml of ethanol, 
and 2.0 ml of chloroform was added. The solution was filtered 
and was allowed to stand at room temperature overnight. The 
supernatant fluid was decanted, and the crystals which had 
formed were scraped from the tube and washed briefly with 
ether. The crystals were allowed to dry in air at room tempera- 
ture. A sample of the crystals was retained and the remainder 
was recrystallized from the same solvents. Finally, the material 
was recrystallized by dissolving it in 0.2 ml of benzyl alcohol and 
adding 2.0 ml of chloroform. The recovery after each crystal- 
lization was 80 to 90%. The specific activity of the crystals 
obtained after each of the three crystallizations was 83, 77, and 
84 c.p.m. per mg. (Actual counts were 160 to 170 c.p.m.; 
background was 12 ¢.p.m.) This confirmed that the unknown 
radioactive compound was citrate. Isocitrate was identified as 
follows. A solution containing 2.0 uwmoles of 1,(+)-isocitrate 
was added to a portion of the eluate of a spot presumed to be 
isocitrate. The mixture was taken to dryness, dissolved in a 
drop of water, spotted on Whatman No. 3 paper, and run in 
the two-dimensional solvent system. The radioactive spot was 
detected by autoradiography and divided into three parallel 
strips, each 1 cm wide. The strips were cut out and eluted 
separately with water. Each eluate was counted and assayed 
for isocitrate with isocitrate dehydrogenase (11). The assay 
showed strips 1, 2, and 3 to contain 19, 62, and 19% of the 
isocitrate, respectively. The respective specific activities of 
strips 1, 2, and 3 were 8.6, 8.1, and 9.1 ¢.p.m. per mumole of 
isocitrate. (Actual counts were 54, 175, and 60 ¢.p.m., back- 
ground was 12¢.p.m.) This confirmed that the unknown radio- 
active compound was isocitrate. 


RESULTS 


Levels of Isocitrate Dehydrogenase and Aconitase in High Speed 
Supernatants—The occurrence of an extramitochondrial isocit- 
rate dehydrogenase in rat liver suggests that the extramito- 
chondrial isocitrate dehydrogenase reaction may serve as a 
major source of extramitochondrial TPNH. Table I shows 
the rates of TPNH formation from isocitrate and citrate in the 
presence of high speed supernatant fluids of rat liver. The rate 
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TaBLe 
Tsocitrate dehydrogenase and aconitase activities 
in high speed supernatants 
Each cuvette contained (in wmoles per ml.): L.(+)isocitrate, 
0.2, or citrate, 3.3, or both; MnCl., 1.0; Tris-HCl buffer, pH 7.5, 
50; KCN, 1.0; TPN, 1; and enzyme. The reaction was started 


by adding TPN. Final volume, 3.0 ml; temperature, 20°. The 
enzyme preparation was identical to that described in Fig. 1. 
Protein added 103 K O.D.340/, TPNH 
| moles/mg 
Ms 
Isocitrate + citrate............ a | §.95 
1.2 T T | | 
bad 
O8F 
2 
2 
= 
= 
E 0.2 
0 Te) 20 30 


TIME ( minutes) 


Fic. 1. The conversion of acetate-1-C' to citrate-C™ and iso 
citrate-C'*. The complete reaction mixture contained (in 
umoles): KCI, 25; MgCle, 10; FeSO,, 2.5; NHsCl, 5; nicotinamide, 
20; L-cysteine, 5; ATP, 2.5; phosphoenolpyruvate, 20; oxaloace- 
tate, 10; TPN,0.5. It further contained CoA, 100 units; pyruvate 
kinase, 300 units; glutamate dehydrogenase, 100 units; and high 
speed supernatant of rat liver prepared in 0.25 m sucrose, 9 mg of 
protein. The high speed supernatant was dialyzed against 0.01 
M cysteine-HCl (neutralized to pH 7)-0.005 m FeSO, for 30 min- 
utes just before use. The reaction was started by the addition of 
sodium acetate-1-C!4, 5 umoles (2.61 10° ¢.p.m.). 
of reaction mixture, 1.0 ml, pH 7.4 (measured on glass electrode) ; 
temperature, 38°. Portions of the reaction mixture (0.2 ml) were 
withdrawn at the times indicated and the reaction was stopped 
by the addition of 0.02 ml of 40% trichloracetic acid. The mixture 
was centrifuged and portions of the protein-free supernatants 
(0.05 ml) were subjected to two-dimensional paper chromatog- 
raphy. The citrate-isocitrate spots were detected by autoradiog- 
raphy, eluted with water and counted. 


obtained with isocitrate is a measure of extramitochondrial 
isocitrate dehydrogenase; that obtained with citrate is a measure 
of aconitase. The ratio of the reaction rates Kisocitrate?Kcitrate 
is about 8. 

Conversion of Acetate to Citrate and Isocitrate by Extramito- 


Pathway of Hydrogen in Biosyntheses. II 


Final volume — 


Vol. 236, No. 5 


chondrial Enzymes—A comparison of the rates of oxidation of 
the substrates of the citric acid cycle by mitochondria suggests 
that the rate-limiting process in the oxidation of externally 
added citrate and cisaconitate is their diffusion into the mito- 
chondria (12-14). The diffusion of tricarboxylic acids oud of 
the mitochondria may also be expected to be a rate-limiting 
factor. The supply of isocitrate to the extramitochondrial iso- 
citrate dehydrogenase reaction may therefore occur not from 
intramitochondrial citrate or isocitrate, but from citrate pre- 
cursors. The capacity of extramitochondrial enzymes to form 
citrate and isocitrate from acetate and oxaloacetate was there- 
fore measured. The time course for citrate + isocitrate syn- 
thesis from acetate-1-C"™ is shown in Fig. 1. The maximal rate 
of this synthesis was observed between 2 and 16 minutes. It 
corresponded to 0.35 umole of acetate converted per mg of pro- 
tein per hour. Whether the conditions used in this experiment 
were optimal was not determined, and some of the additions 
may have been superfluous. The rate of 0.35 wmole per mg of 
protein per hour may be compared with the Qo, of rat liver 
which is —12. If it is assumed that three-fourths of dried rat 
liver is protein, then a Qo, of —12 is equal to 0.36 umole of 
acetate (or its equivalent) oxidized per mg of protein per hour, 


DISCUSSION 


The results of Table I and Fig. 1 show that the reactions of 
the citric acid cycle from acetate to a-ketoglutarate can occur 
in the extramitochondrial fraction of rat liver. The rate at 
which these extramitochondrial reactions can proceed is at 
least equal to the normal rate of oxidative metabolism of whole 
liver. It is proposed that this reaction sequence actually occurs 
extramitochondrially, and that one of its functions is to main- 
tain the high ratio of TPNH to TPN which is found in the cell. 

The oxidation of pyruvate or fatty acids in the mitochondria 
leads to the formation of acetyl-CoA. The acetyl residue can 
then be oxidized through the mitochondrial citric acid cycle. 
Alternatively, the acetyl residue may be diverted to the extra- 
mitochondrial space of the cell. It may then be converted to 
a-ketoglutarate by the extramitochondrial enzymes of the citric 
acid cycle, or it may be used for the synthesis of fatty acids and 
steroids. 

The validity of these results and of the conclusions drawn 
from them depends to a large extent on the premise that the 
soluble, mitochondrial enzymes do not leak out of the liver 
mitochondria in the course of their preparation in_ ice-cold, 
0.25 m sucrose. In favor of this premise are the many observa- 
tions which indicate that liver mitochondria must be subjected 
to damaging treatment, such as sonication, freezing and thawing, 
exposure to hypertonicity, or the action of detergents, before 
the soluble, mitochondrial enzymes are released from these 
particles into the medium surrounding them (2-4, 15). The 
rates of liberation of malate dehydrogenase and glutamate de- 
hydrogenase follow each other closely, irrespective of the type 
of damaging treatment used. The percentage of the maximal 
activity obtainabie with each enzyme served as a basis for this 
comparison (15). We have cbserved that the rates of liberation 
of malate and isocitrate dehydrogenases from damaged mito- 
chondria also follow each other closely. High speed superna- 
tants of rat liver of the type used for the experiments described 
in this paper are very low in glutamate dehydrogenase activity 
and high in isocitrate dehydrogenase activity. The ratio (rate 
of DPNH oxidized by the glutamate dehydrogenase reaction 
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to rate of TPNH formed by the isocitrate dehydrogenase reac- 2. “rm L., AND Navazio, F., Exptl. Cell Research, 11, 483 
tion) showed an average value of 0.019 for eight separate prepa- 3 icenieaant W. C., J. Histochem. Cytochem., 1, 212 (1953). 
rations of high speed supernatant. ‘It Is therefore unlikely that 4. HoGEeBoom, G. H., anv ScHNEIDER, W. C., J. Biol. Chem., 204, 
the extramitochondrial enzyme activities reported on here had 233 (1953). . 
their origin in the mitochondria. 5. GREEN, D. E., Biol. Revs., 26, 410 (1951). 

6. GREEN, D. E., AND JARNEFELT, J., in D. J. INGLE anp S. Q. 


SUMMARY 


The ability of high speed supernatant fractions of rat liver to 
eatalyze the conversion of acetate to a-ketoglutarate has been 
measured. The rate at which this extramitochondrial portion 
of the citric acid cycle can occur is equal to or greater than 
the normal rate of oxidative metabolism of whole liver. It is 
proposed that one of the functions of the extramitochondrial 
reaction sequence is to regenerate reduced triphosphopyridine 
nucleotide from triphosphopyridine nucleotide in the extramito- 
chondrial space of the cell. 
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Since the discovery of uridine diphosphate galactose 4-epim- 
erase by Leloir (1), there has been increased recognition of the 
importance of epimerization of hydroxyl groups of monosaccha- 
rides and related metabolites. In addition to the interconversion 
of uridine diphosphate glucose and uridine diphosphate galactose 
by yeast (2, 3), mammalian (4, 5), and bacterial preparations (6), 
examples have been found of the same type of 4-epimerization be- 
tween uridine diphosphate derivatives of the corresponding uronic 
acids (7, 8), V-acetyl hexosamines (9, 10) and D-xylose and L- 
arabinose (11). 

The discovery of D-ribulose-5-phosphate 3-epimerase in Lacto- 
bacillus pentosus (12, 13) as an important component in the hexose 
monophosphate pathway and of L-ribulose-5-phosphate 4-epim- 
erase, Which functions in the pathway of L-arabinose metabolism 
in L. pentosus (14) and Aerobacter aerogenes (15), has extended the 
process to a new type of substrate and point of attack. The ex- 
istence of additional epimerases can be inferred from reports of 
the conversion of D-glucose to L-fucose (16), of guanosine diphos- 
phate D-mannose to guanosine diphosphate L-fucose (17), and of 
thymidine diphosphate glucose to thymidine diphosphate L- 
rhamnose (18). Although 2-epimerization of secondary hydroxy] 
groups has not been reported, the conversion of uridine diphos- 
phate .V-acetvlglucosamine to V-acetylmannosamine (19) and of 
N-acetylglucosamine to N-acetylmannosamine (20) may prove 
to be examples of a new type of epimerization at carbon atom 2 
which resembles the process of racemization for amino acids (21). 

The demonstration of a diphosphopyridine nucleotide require- 
ment for uridine diphosphate galactose 4-epimerase of red blood 
cells and calf liver (2, 22) and the presence of a fluorescence with 
spectral characteristics corresponding to that of reduced diphos- 
phopyridine nucleotide in yeast uridine diphosphate galactose 
4-epimerase (2) have indicated that hydrogen transfer may be an 
important part of 4-epimerase action. Studies of uridine di- 
phosphate galactose 4-epimerase action in T,0, D.O, and H.0'8 
have failed to show that the elements of water participate so as 
to remain stably bound in the substrate molecules (23-25) and, 
further, it was shown that addition of tritiated diphosphopyridine 
nucleotide or diphosphopyridine nucleotide reduced with tritium 
did not lead to incorporation of tritium into the substrates (23). 

The availability of L-ribulose-5-phosphate 4-epimerase has pre- 
sented another opportunity to study 4-epimerase action by the 
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same methods and to compare its behavior with that of p-ribu- 
lose-5-phosphate 3-epimerase. In these cases, there is the sig. 
nificant difference in structure in that there is a carbonyl group 
a or @ to the site of epimerization and that only open forms exist, 
This is in contrast to the hexoses which are linked to uridine 
through the aldehyde group and exist in the pyranose configura. 
tion. The experiments to be reported were performed to ascer- 
tain whether the elements of water are incorporated into the keto- 
pentose phosphates during 3- and 4-epimerase action (26). 


EXPERIMENTAL PROCEDURE 


AMaterials—v-Ribulose-5-P was prepared by incubating p- 
ribose-5-P (Sehwarz Laboratories) with phosphoriboisomerase 
(free of D-ribulose-5-P 3-epimerase) essentially as described by 
Hurwitz et al. (27). After treatment with bromine, the prepara- 
tion contained 70% pv-ribulose-5-P and 30% aldopentose, pre- 
sumably p-ribose-5-P. Alternatively, D-ribulose-5-P was pre- 
pared by phosphorylation of p-ribulose by purified L-ribulokinase 
(28). L-Ribulose-5-P was prepared by phosphorylation of 1- 
ribulose with L-ribulokinase by the same methods. 

Determinations—Ribose-5-P was determined by the orcinol pro- 
cedure as described by Horecker et al. (29). When ribulose-5-P 
was the only contaminating ester, a correction for its contribution 
to the color was made, based upon the amount present, the ex- 
tinction being 57% of that of ribose or ribose-5-P. p-Ribulose- 
5-P was determined in the absence of other ketopentose phos- 
phates by the cysteine-carbazole test (30) in which the color was 
read after 30 minutes of incubation at 37°. The color obtained 
was compared with that produced with a known amount of pD- 
ribulose-5-P prepared by incubating a known amount of p-ribose- 
5-P with 3-epimerase-free phosphoriboisomerase. In other in- 
stances, D-ribulose-5-P was determined by a procedure which 
involved treatment of the phosphate esters with purified phos- 
phatase (31) to produce free p-ribulose, followed by reduction of 
p-ribulose by ribitol (p-ribulose) dehydrogenase and DPNH (82, 
33). 

p-Xylulose-5-P was determined in a system containing D- 
ribose-5-P, 3-epimerase-free transketolase, and crystalline glycer- 
aldehyde-3-P dehydrogenase as described by Wolin et al. (18). 
In addition, a convenient assay was developed which determined 
the amount of p-xylulose after phosphatase treatment, by the 
amount of DPNH oxidized in the presence of purified p-arabitol 
(p-xylulose) dehydrogenase (32). 1L-Ribulose-5-P was deter- 
mined in a system containing L-ribulose-5-P and excess L-ribulose- 
5-P 4-epimerase, transketolase (3-epimerase-free), glyceralde- 
hyde-3-P dehydrogenase and p-ribose-5 P as described prev 
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ously (15). D-Ribulose-5-P 3-epimerase assays were performed 
as described by Wolin et al. (15). 

Isotope .\/easurements— After incubation in water enriched with 
T,0, the reaction was terminated by adding 0.2 ml of 50% tri- 
chloroacetic acid. The mixture was then neutralized with 
NaOH, applied to an 8 X 1-cm Dowex 1-formate column and the 
column washed with 30 volumes (30 ml) of water to remove the 
easily exchangeable tritium from the hydroxyl and phosphory] 
groups of the phosphate esters. The esters were then eluted with 
?4¢ammonium formate. The fractions containing pentose were 

led and barium acetate was added. The barium salts were 
precipitated by addition of 4 volumes of ethanol and recovered 
by centrifugation. In preparation for counting, the esters were 
dissolved in dilute acetic acid, and the barium removed with so- 
dium sulfate. An 0.02 ml amount of the solutions, containing 
0.04 to 0.3 umole of ester, was added to the 11.0 ml of scintilla- 
tion fluid containing 1.0 ml of ethanol, 10 ml of toluene, and 
diphenyloxazole. Additional samples were removed for colori- 
metric and enzymatic determination of pentose phosphate con- 
tent. The samples were counted by standard methods in a 
Packard Tri-Carb liquid scintillometer. The amount of quench- 
ing was determined by comparing the sample count with that of 
another aliquot plus tritiated toluene of known activity in an 
otherwise identical vial. The counts expressed have been cor- 
rected for background and quenching, but not total efficiency. 
Inasmuch as the efficiency was constant at 15.7%, the results 
are expressed as counts per minute. 

When incubations were carried out in water enriched with 
H,08, the phosphate esters were recovered by addition of barium 
acetate and 4 volumes of ethanol. The esters were then dis- 
solved in acetic acid and reprecipitated once in the same manner. 
This procedure was sufficient to eliminate unincorporated O# 
from the reaction mixture. The esters were converted to carbon 
dioxide by the mercuric chloride procedure (34). Weighed 
amounts of ester and HgCl: were sealed in break-seal tubes previ- 
ously evacuated to 7 to 10 w and heated for 1 hour at 400°. 
After cooling, the tubes were broken in a vacuum line and the 
CO, was transferred to break-seal tubes for use in the mass spec- 
trometer. We are indebted to Dr. Lowell P. Hager for mass 
ratio determinations. 

Purification of v-Ribulose-5-P 3-Epimerase—p-Ribulose-5-P 
3-epimerase was purified 1240-fold from dried yeast by a new 
procedure which completely removed phosphoriboisomerase. L- 
Ribulose-5-P 4-epimerase also was completely absent from the 
crude extract and the final fractions. 

All operations were performed at 0-5°. Precipitates were 
separated by centrifugation at 15,000 x g for 10 minutes. Cal- 
culation of the fractional saturation values for ammonium sulfate 
was based on the table of Green and Hughes (35) and an addi- 
tional factor of 0.92 to correct the values from 25 to 0°. 

Crude Extract—Fleischmann’s Brand 20-40 yeast, 500 g, was 
autolyzed for 8 hours at 40° in 1600 ml of 0.1 m NaHCO;3. The 
mixture was centrifuged and the residue was washed twice with 
l liter of 0.1 m NaHCO;3. The autolysate and washings were 
combined (volume = 3320 ml). 

Protamine Treatment—Solid ammonium sulfate was added to 
016mconcentration. Protamine sulfate, 6.6 g, pH 5.0, in 330 ml 


of water was then added with stirring. The precipitate was re- 
moved by centrifugation and discarded. 
Ammonium Sulfate Fractionation I—In order to concentrate 
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the enzyme activity to a small volume, solid ammonium sulfate 
was added to 75% saturation, the solution centrifuged, and the 
precipitate dissolved in 750 ml of 10-* m EDTA,! pH 7.0. 

Acetone Fractionation J—After ammonia determination by 
nesslerization, the ammonium sulfate concentration was adjusted 
to 0.1m. The solution was then placed in a cold bath (—15°) 
and 1 volume of 80% acetone, chilled to —20°, was added with 
stirring. After centrifugation at —14°, the precipitate was dis- 
carded and 3 additional volumes of 80% acetone were added to 
the supernatant solution. The precipitate was recovered by 
centrifugation and dissolved in 200 ml of 10-3 m EDTA, pH 7. 

Ammonium Sulfate Fractionation [I—The solution was brought 
to 60% saturation with solid ammonium sulfate, centrifuged, and 
the precipitate discarded. Further, ammonium sulfate was 
added to 70% of saturation, and the precipitate recovered by 
centrifugation was dissolved in 80 ml of 10- m EDTA, pH 7. 

Heat Treatment I—The pH was adjusted to 6.5 and the solu- 
tion dispensed in 20 ml portions in test tubes, warmed to 50°, 
placed in a water bath at 60° for 6 minutes, and then transferred 
to ice. The precipitate was removed by centrifugation, washed 
with water, and discarded. The washings and supernatant solu- 
tion were combined (volume = 1000 ml). 

Ammonium Sulfate Fractionation IJJ—The supernatant solu- 
tion was refractionated several times between 80 and 95% am- 
monium sulfate saturation. However, all fractions had about 
the same specific activity; these were combined for acetone 
fractionation. 

Acetone Fractionation II—A 1.5 volume portion of 80% ace- 
tone was added as described for acetone Fraction I. After re- 
moval of the precipitate by centrifugation, an additional 2 
volumes of 80% acetone were added. The precipitate recovered 
by centrifugation was dissolved in 400 ml of 10-? m EDTA pH 7. 
Traces of acetone were removed by reprecipitating the epimerase 
with ammonium sulfate (100% saturation). The precipitate 
was dissolved in 10-* m EDTA, pH 7 (volume = 180 ml). 

Heat Treatment J]—After adjustment of the pH to 6.5 and 
the ammonium sulfate concentration to 0.25 m, acetone Fraction 
II was distributed in 20 ml amounts, heated to 50°, and then 
placed at 65° for 3 minutes in the manner described for the first 
heat step. After cooling, the precipitate was removed by cen- 
trifugation. 

Ammonium Sulfate Fractionation IV—Solid ammonium sul- 
fate was added to 30% saturation and the precipitate removed 
by centrifugation. The pH of the supernatant was adjusted to 
8.0 with 1 n NaOH and solid ammonium sulfate was added 
slowly until a slight cloudiness developed. The solution was 
then allowed to warm at room temperature. The precipitate 
was removed by centrifugation and dissolved in 10 ml of 10-3 m 
EDTA, pH 7. 

This procedure afforded a 1240-fold purification with a yield 
of 7% (Table I). The epimerase has remained stable at —14° 
for over 2 years. 

DPNase—DPNase was prepared from Neurospora crassa by 
the procedure of Kaplan (36) except that conidiospores rather 
than mycelium were used as starting material (37). The spores 
were produced on modified Czapek-Dox medium (37), and the 
DPNase was released from the harvested spores by sonic cscilla- 


1The abbreviations used are: DPNT, diphosphopyridine 
nucleotide reduced with tritium; EDTA, the disodium salt of 
ethylenediaminetetraacetic acid. 
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tion. The crude extract thus obtained had a specific activity 
as defined by Kaplan of 15,000. After precipitation of the 
activity at pH 5, and twice between 35 and 60% acetone, the 
DPNase was purified 21-fold (specific activity, 320,000) with a 
yield of 25%. 

Other Enzymes—t.-Ribulose-5-P 4-epimerase used in_ these 
studies was a 200-fold purified preparation (12.5 units per mg of 
protein) described previously (15). This preparation was free 
of demonstrable 3-epimerase and phosphoriboisomerase. Phos- 
phoriboisomerase (340 units per mg of protein, 800 units per m]) 
was prepared from spinach by the procedure of Hurwitz et al. 

27). Transketolase was purified from spinach by a modifica- 


TaBLe 
Purification of p-ribulose-5-P 3-epimerase from yeast 


Total Specific 


Step activity ery activity 
— 
| — | % | units/mg P fold 
Ammonium sulfate Fraction » | 
Acetone Fraction I......... 310 98 42 9 
Ammonium sulfate Fraction 
Ammonium sulfate Fraction | 
Acetone Fraction II... ..... 420 | 
Heat treatment II.......... | 69 21 1500 310 
Ammonium sulfate Fraction | 


* A unit is the absorbaney change of 0.001 per minute under 
conditions previously described (15). 

+ The high recovery of activity in this step presumably reflects 
an error in the assay. 


TaBLeE II 


Incorporation of tritium from T20 into pentose phosphates by phos- 
phoriboisomerase and p-ribulose-5-phosphate 3-epimerase 

The 1.0 ml reaction mixture contained 0.3 ml of glyevlglycine, 
0.5 mM, pH 7.5; and T.O (5.82 K 108 c.p.m.). Phosphoriboisomerase 
(80 units), and 3-epimerase (100 units) were added as indicated. 
Ribose-5-P (50 or 40 wmoles) was added to the reactions contain- 
ing isomerase and isomerase plus 3-epimerase, respectively, and 
a preparation containing 14 uwmoles of p-ribulose-5-P and 6 umoles 
of ribose-5-P was added to the mixture containing 3-epimerase. 


| Ketopentose 


Treatment phosphate Tritium incorporated 
assayed 
pmole c.p.m. 
Isomerase 
0.26 138 520 0.10 


3-Epimerase 


0.058 5 86 0.02 

Isomerase + 3-epimerase 


Mechanism of Isomerization and E’pimerization 
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TaBLe III 
L-Ribulose-5-P 4-epimerase action in TO 
The reaction mixture contained 0.3 ml of 0.05 m glycylglycine, 
pH 8.5, 5 units of 4-epimerase, 15 wmoles of L-ribulose-5-P, and 
T.O (5.82 * 108 ¢.p.m.). 3-Epimerase, 100 units, was added 
where indicated. Other conditions were as described for Table 
II. 


Ketopentose 
Treatment _ phosphate Tritium incorporated 
assayed 
pmole p.m. c.p-m./ymole watom/ymole 
4-Epimerase | | | 
4-Epimerase + 3-epimerase © | 
| 0.071 | 326 4606 0.88 


tion of the procedure of Horecker et al. (38) and was free of 
4-epimerase and nearly free of 3-epimerase. Crystalline glye- 
eraldehyde-3-P dehydrogenase was prepared from rabbit muscle 
by the procedure of Cori et al. (39). Acid phosphatase was 
assayed and purified from polidase 8 as described previously (31). 


RESULTS 


The amount of tritium from TO which is incorporated into 
the pentose phosphates during incubation with phosphoribo- 
isomerase, D-ribulose-5-P 3-epimerase, or both of these, plus T:0 
is shown in Table II. Controls containing either boiled enzyme 
and T,O, or HO and active isomerase or 3-epimerase were in- 
cluded. After incubation for 3 hours at room temperature, 0.2 
ml of 50% trichloroacetic acid was added, and the reaction miy- 
ture was treated previous to counting and assayed for p-ribose- 
5-P, p-ribulose-5-P, and D-xylulose-5-P as described in ‘“Exper- 
mental Procedure.”’ The amount of radioactivity expected per 
microatom of tritium was calculated to be 5240 c¢.p.m. The 
tritium added was 5.82 X 10° c.p.m. and the amount of hydrogen 
in water (assuming the total 1 m] volume to be water) was 
1.11 XX 10° watoms. The contribution of other components to 
this hydrogen pool is insignificant. Thus, 5.82 « 108 + 1.11 x 
10° = 5240 c.p.m. per watom of hydrogen. It can be seen that 
1.02 watoms of tritium were incorporated per umole of pentose 
phosphate, whereas 0.1 watom of tritium per umole was found in 
the boiled contro]. Analyses of the isolated pentose phosphates 
indicated an incomplete recovery from the reaction mixture (40 
to 90% of the substrate added). However, enzyme assays for 
the individual ketopentose phosphates in the mixtures showed 
that an equilibrium mixture was present. 

When the 3-epimerase reaction mixture was incubated in T.0, 
0.9 uatom of tritium was present in the pentose phosphates at 
equilibrium, whereas only a trace was incorporated in the boiled 
enzyme control. When both phosphoriboisomerase and 3-epim- 
erase were incubated with p-ribose-5-P under the same condi- 
tions, 1.87 watoms of tritium were incorporated, whereas 0.3 
patom was incorporated in the control. Thus, it is apparent 
that phosphoriboisomerase and 3-epimerase each incorporate | 
atom of tritium from water at different locations on the carbon 
skeleton. Similarly, the ability of L-ribulose-5-P 4-epimerase to 
incorporate tritium from TO was tested. As shown in Table 
III, the same amount of tritium present in the phosphate esters 
incubated with both the boiled and active 4-epimerase. Thus, 
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although equilibrium had been achieved, no tritium was incor- 
porated. When both 3-epimerase and 4-epimerase were incu- 
bated with L-ribulose-5-P, 0.88 watom of tritium was incor- 
porated, compared to 0.3 watom for the control. Thus, only 
the tritium incorporation expected for 3-epimerase alone was 
sustained. 

Incorporation of O'—To determine the role of hydroxy] ex- 
change in 4-epimerization, L-ribulose-5-P 4-epimerase and L-ribu- 
jose-5-P were incubated in water enriched with O'. The reac- 
tion mixture contained 0.3 ml of 0.5 m glycylglycine buffer, pH 
8.5, 5 units of 4-epimerase, and 100 umoles of L-ribulose-5-P 
ina volume of 1.2 ml. H,O"* was added to 7.5 atom% excess. 
After incubation for 3 hours at room temperature, 300 umoles 
of barium acetate were added, and the excess O!8 was removed as 
described in ‘‘Experimental Procedure.” An 18.3 mg amount of 
material containing the phosphate esters was obtained. Of this, 
1 mg was dissolved in 0.5 ml of water, converted to the sodium 
salt by adding sodium sulfate, and then assayed for L-ribulose-5- 
Pand p-xvlulose-5-P. A 10 mg amount of the same material was 
converted for O'8 analysis. The results are shown in Table IV. 
It can be seen that a small and probably insignificant amount of 
(* was incorporated in the 4-epimerase reaction. The expected 
atom% excess for the incorporation of 1 watom of O'8 per umole 
of pentose is 0.97% (7.5 + 8 atoms of oxygen per pentose phos- 
phate). 

Action of DPNase on 3-Epimerase and 4-Epimerase—In view 
of reports of the ability of Neurospora DPNase to inactivate 
UDP-glucose 4-epimerase (24) and L-ribulose-5-P 4-epimerase 
(14), the possibility exists that epimerases as a class of enzymes 
contain DPN as a functional group. Considerable evidence for 
a role of DPN has been obtained for UDP-glucose 4-epimerase, 
but only negative results have been obtained for 3-epimerase 
(13) and t-ribulose-5-P 4-epimerase (14, 15). Concerning the 
inactivations with DPNase, however, reactivation by adding 
DPN has not been reported. 

DPNase at two levels of purity was incubated with pD-ribulose- 
5-P 3-epimerase and L-ribulose-5-P 4-epimerase. After this, the 
substrate and assay components were added and incubated for 
30 minutes. Purified acid phosphatase was then added and the 
incubation was continued for 10 minutes. Epimerase activity 
was determined from the D-xylulose content of aliquots assayed 
spectrophotometrically for D-xylulose with D-arabitol (D-xylulose) 
dehydrogenase. The results are shown in Table V. It can be 
een that with DPNase of low purity, 3-epimerase action was 


TaBLe IV 
Ineor poration of from into pentose phosphates 
by t-ribulose-5-P 4-epimerase 
The reaction mixture contained 0.3 ml of 0.5 m glyevlglvcine, 
pH 8.5, 5 units of 4-epimerase, 100 umoles of L-ribulose-5-P, and 
H:0 to 7.5 atom % excess. : 


Pentose O88 
Treatment 
p-Xylulose- | L-Ribulose- Atom / 
5-P | 5-P excess* umole 
pmoles % 
et 40.0 11.9 0.13 0.13 


* An 0.94 atom % excess = 1 ywatom of O'8 per umole of pentose 
phosphate. 


M.W. McDonough and W. A. Wood 
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TABLE V 
Effect of DPNase on 3-epimerase and 4-epimerase activity 


3-Epimerase, purified 1240-fold, 10 units, or 1 unit of 200-fold 
purified 4-epimerase were incubated with 3000 units of crude 
DPNase or 180 units of purified DPNase for 2 to 3 hours in 0.12 
ml. Phosphoriboisomerase, 40 units, and 3 umoles of p-ribose-5-P 
were added to tubes containing 3-epimerase and incubated for 10 
minutes. To tubes containing 4-epimerase, 2 umoles of glu- 
tathione, 1.6 wmoles of L-ribulose, excess L-ribulose kinase (28), 
1 umole of ATP, and 1 umole of MgCl. were added and incubated 
for 30 minutes. The volume was 0.3 ml. Purified phosphatase, 
0.05 ml, was then added and the incubation was continued for 10 
minutes. The reaction mixture was then boiled and a 0.05 ml 
aliquot assayed for xylulose with p-arabitol (p-xylulose) dehy- 
drogenase. 


Xylulose formed 
Treatment 


3-Epimerase | 4-Epimerase 


umole 
Crude DPNase (1.5 X 104 units per mg | | 
of protein) | 
Epimerase + DPNase (boiled)... ... 0.31 0.17 
Epimerase + DPNase.............. | 0.29 | 0 
Purified DPNase (3.2 X 10° units per | | 
mg of protein) | | 
Epimerase + DPNase (boiled)... ... a 
Epimerase + DPNase.............. 0.37 | 0.40 


not impaired. Also, 4-epimerase activity was not impaired ini- 
tially (not shown); however, after prolonged incubation with a 
relatively large quantity of DPNase, 4-epimerase was inacti- 
vated. With the highly purified DPNase, however, neither 
3-epimerase nor 4-epimerase was inactivated under any of the 
conditions used. 


DISCUSSION 


The lack of tritium and O* incorporation during L-ribulose-5-P 
4-epimerase action parallels the results obtained in similar ex- 
periments with UDPGal 4-epimerase. It thus appears that the 
same mechanism is involved in both cases even though there 
are appreciable differences in structure of the UDP-hexoses and 
the ketopentose phosphates. Of theseveral proposed mechanisms 
(22-24, 40), displacement of a hydroxyl group at carbon atom 4 
by a hydroxyl group from water, aldol cleavage and recondensa- 
tion, dehydration and rehydration, and oxidation-reduction; all 
appear to be eliminated except the last. Although only nega- 
tive evidence for a role of DPN in L-ribulose-5-P 4-epimerase 
has been obtained, an oxidation-reduction involving firmly 
bound DPN and a ketopentose phosphate is by virtue of the 
evidence obtained with UDPGal 4-epimerase the most plausible 
possibility. Further, oxidation-reduction with either sulfhydryl 
groups or flavins would lead to tritium incorporation since hy- 
drogen responsible for reduction of sulfhydry] groups (41) or 
flavins (42) exchanges with the medium. The means by which 
DPN can remove and add hydrogen to either of two positions 
at carbon atom 4 of the enzyme-bound ketopentose phosphate 
is currently unknown. The analogy apparently does not exist 
among the pyridine nucleotide-linked dehydrogenases. 
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SUMMARY 


One atom of tritium is incorporated from T.O during equili- 
bration of one mole of (a) p-ribose-5-phosphate and p-ribulose-5- 
phosphate by phosphoriboisomerase and (6) D-ribulose-5-phos- 
phate and p-xylulose-5-phosphate by p-ribulose-5-phosphate 
3-epimerase. Incubation of these enzymes together leads to the 
incorporation of two tritium atoms per mole of pentose phos- 
phate. Neither tritium nor O'* was incorporated from T,O or 
H.O'8 during the action of L-ribulose-5-phosphate 4-epimerase. 
Both of these enzymes were insensitive to the action of diphos- 
phopyridine nucleotidase. A new purification procedure for 
p-ribulose-5-phosp hate 3-epimerase is reported. 
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Glucose 6-Phosphate Dehydrogenase (Zwischenferment) 


I. ISOLATION OF THE CRYSTALLINE ENZYME FROM YEAST* 


Ernst A. NOLTMANN,T CLARK J. GuUBLER,[ AND STEPHEN A. KuBy 


From the Institute for Enzyme Research, University of Wisconsin, Madison, Wisconsin 


(Received for publication, October 31, 1960) 


The discovery of p-glucose 6-phosphate dehydrogenase 
(Zwischenferment) by Warburg and Christian (1, 2) in 1931 
paralleled their pioneer work on triphosphopyridine nucleotide. 

Since the early attempts by the German workers to isolate 
this enzyme (2-4), great effort has been expended to purify it 
from a variety of sources (e.g. 5-14). The most highly purified 
of these preparations was reported by Glaser and Brown in 1955 

9). 
, In the present paper, the isolation of crystalline p-glucose 
6-phosphate dehydrogenase from dried brewers’ yeast is de- 
scribed. Further studies in this series will deal with the physico- 
chemical properties of the protein. 


MATERIALS AND METHODS 


“Dried Brewers’ Yeast for Enzyme Work” was purchased 
from Anheuser-Busch, Inc., St. Louis, specified as the Anheuser- 
Busch strain of Saccharomyces carlsbergensis. It was stored at 
-10° and used within a 2-month period after delivery. 

The crystalline barium salt of p-glucose-6-P and “98% pure”’ 
TPN were obtained from the Sigma Chemical Company; the 
former was converted to the sodium salt after removal of the 
barium as BaSQ,, and both reagents were neutralized and as- 
sayed enzymatically. 

Glycylglycine and DEAE-cellulose were products of the Cali- 
fornia Corporation for Biochemical Research. The Cellex-D 
anion exchange cellulose (DEAE-SF),! had an exchange capacity 
of 0.6 meq per, g. (It should be particularly noted that all 
washing and eluting volumes, which in the course of the procedure 
are given in milliliters per gram of dry DEAE-cellulose, are based 
on that exchange capacity!) Several different lots were investi- 
gated with the same results. Before use, the DEAE-SF was 
cycled through with a 
10-fold excess of base and acid, respectively, and each washing 
was performed until neutrality. Finally, it was freed from as 
much liquid as possible on a Buchner funnel and stored as a moist 
filter cake in a tightly stoppered bottle at 0°. Dry weights (ap- 
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Present address, Department of Chemistry, Brigham Young Uni- 
versity, Provo, Utah. 

'The abbreviation used is: DEAE-SF, diethylaminoethyl] ex- 
change groups on a Solk-Floc cellulose lattice. 


proximately 30%) were determined in triplicate and required 
amounts were calculated in terms of dry DEAE-SF. 

Versene (disodium ethylenediaminetetraacetate) and bento- 
nite, U.S.P. (Powder), Lot No. 782300, were obtained from the 
Fisher Scientific Company; the latter was used without further 
treatment. 

Diisopropyl fluorophosphate was a gift of Merck and Com- 
pany, Inc. A 0.1 M solution of this extremely poisonous reagent 
was made with dried redistilled propanol and stored in sealed 
ampules at 0°. For each preparation, a fresh ampule was opened 
to minimize the possibility of hydrolytic decomposition. 

All other reagents, including the ammonium sulfate, were of 
analytical grade and met the American Chemical Society specifi- 
cations. 

Unless otherwise indicated, twice distilled deionized water 
was used for preparing all reagents including the dialysis fluids. 


Measurements of enzymatic activity were made by following 
the change in absorbancy at 340 my (l1-cm light path) with a 
modified Beckman model DUR spectrophotometer equipped 
with a Leeds and Northrup Speedomax recorder. The tempera- 
ture was maintained at 30° by pumping water from a constant 
temperature bath through the thermospacers of the spectro- 
photometer. The reaction mixture had the following composi- 
tion: 2.5 ml of 0.1 m glycylglycine buffer, pH 8.0, 0.1 ml of 0.03 
M glucose-6-P, 0.1 ml of 0.01 m TPN, 0.2 ml of 0.15 m magne- 
sium sulfate. The reaction was initiated by the addition of 
0.1 ml of properly diluted enzyme. All dilutions were made 
with ice-cold 0.05 m Versene, pH 8.0; for specific activities 
greater than 2000 units per mg, in addition to the Versene, 1 
mg per ml of crystalline bovine plasma albumin (Armour Labo- 
ratories) proved necessary to stabilize the highly diluted (see 
Fig. 1) enzyme. | 

One unit of glucose-6-P dehydrogenase is defined as that 
amount of enzyme, per 1 ml of reaction mixture, which catalyzes 
the reaction between TPN and glucose-6-P and (under the con- 
ditions described above) requires a time of 1 minute to cause an 
increase of absorbancy at 340 mu between the limits of 0.05 and 
0.15. The conditions are such that the initial velocity is pro- 
portional to the enzyme concentration (7.e. first order with re- 
spect to enzyme concentration) and that an initial increment of 
the total reaction is held constant. Therefore, it can be shown 
that e = constant x 1/At, 7.e. the enzyme concentration (e) in 
arbitrary units is inversely proportional to the time (Af) as 
shown in Fig. 1. For routine measurements, it is convenient to 
use enzyme dilutions, which yield At values between 1 and 2 
minutes (7.e. 1 to 0.5 unit per ml of reaction mixture). 
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Specific activity is expressed in terms of units per milligram of 
protein. If it is desired to convert to micromoles of TPNH 
formed per milligram of protein per minute, the above defined 
enzyme units per milligram of protein should be multiplied by 
the factor 0.0161 (derived from the molar absorbancy index of 
6.22 « 10? cm X m7 (15) and the above defined unit which is 
in terms of 1 ml of reaction mixture). It should be noted that 
the reaction velocity is linear up to only about 0.2 absorbancy. 

Protein was determined by the colorimetric biuret procedure 
of Gornall et al. (16). A factor of 32.0 mg/10 ml (or 6.4 mg/2.0 
ml) reaction mixture per unit of absorbancy at 540 my (1-cm 
light path) was used as an average biuret value for the purpose 
of determining the protein concentration throughout the purifi- 
cation procedure. The precise value for the isolated crystalline 
protein will be reported in the next paper of this series. In 
those cases in which interfering material was present, the protein 
was first precipitated with 10% trichloroacetic acid, and then 
the biuret procedure carried through. 

Large capacity dialysis was performed with a flow dialysis 


1 
@ (sg ENZYME PER mi REACTION MIXTURE) 


Fic. 1. Enzyme concentration as a reciprocal function of time 
for a given extent of reaction. The conditions and concentrations 
of the reaction mixture components are described in ‘Materials 
and Methods.’’ The crystalline enzyme was diluted in 0.05 m 
Versene, pH 8.0, containing 1 mg of albumin per ml. 
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Fic. 2. Diagram of a large capacity flow dialysis. The dialy- 
sis vessel and each of the reservoir bottles contain 20 liters. The 
flow rate is initially adjusted such that the reservoir bottles will 
be emptied within 6to8 hours. The stirring should provide effi- 
cient mixing and proper agitation of the dialysis sacs. 
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design as shown in Fig. 2, which 3 is a modification of a method 
used previously (17) but not described. Visking thin wal — 
seamless cellulose tubing with a 36/32-inch inflated diameter hag _ 


been found convenient for efficient dialysis of volumes from 035 _ 


to 2 liters. 


ISOLATION PROCEDURE 


Unless otherwise stated, all steps were carried out in a cold 
room at 2-4° or in an ice bath. pH determinations were made 
with a Beckman model G pH meter calibrated before each meas. 
urement at the temperature of the sample. 

Except for the crystallizing steps, solid ammonium sulfate was 
slowly added to the vigorously stirred solutions. After dissoly- 
tion of the salt, the stirring was continued for an addition] 
10-minute period, with care to avoid excessive formation of foam, 
and the mixture allowed to stand for at least 10 minutes before 


centrifugation. Required amounts of ammonium sulfate were 
calculated by the formula : 
0.515 Vi (S2 — S,) 


1 — (0.272 


in which w equals the weight of ammonium sulfate in g, V; is the 
volume of the solution in milliliters at fraction saturation S,, and 
S2 represents the fraction saturation desired at 0° (17). 

Ammonium sulfate concentrations (S’’) of dissolved ammonium 
sulfate precipitated pellets (of final volume V’’) were estimated 
by the formula: 


assuming that the volume increase due to the dissolved pellet 
(Av) is of the same ammonium sulfate saturation as the pre- 
vious fraction (S’). 
pends upon quantitative recovery of the liquid volumes. 

All solvent additions (alcohol, acetone, saturated ammonium 
sulfate solutions) were made under the assumption that the 
volumes are additive, and were calculated by the formula 


_ CD 
1— C2 


in which v equals the volume of solvent required in milliliters, 
V; is the volume of the solution at concentration C;, (or fraction 
saturation S,), and C2 represents the concentration (or fraction 
saturation desired. 


Fraction I—Dried brewers’ yeast, 3 kg, is suspended in 30 | 


liters of 0.2 mM ammonium sulfate, pH 8.9, at room temperature 
(793 g of (NH4)2SO, + 200 ml of concentrated ammonium hy- 
droxide made up to 30 liters with deionized distilled water). The 
suspension is stirred for 40 minutes with a heavy duty me- 
chanical stirrer, during which time the pH drops to 8.7. The 
mixture is then incubated without stirring for 12 hours (over- 
night) at 26 + 2°. 

Fraction II—After this period of autolysis (the pH is approx- 
mately 8.5), the mixture is transferred to the cold room and 
brought to 0.48 saturation with ammonium sulfate, assuming the 
saturation to be 0.05 initially. The pH decreases further to 
about 8.3 and is adjusted to 5.5 with ice-cold 2 Nn H2SO, which 
is also 1.87 m (0.48 saturation) with respect to ammonium 
sulfate. The sulfuric acid, of which about 1350 ml are required, 
is added at a rate of approximately 150 ml per minute, while 


Obviously, application of the formula de- — 


16 
12 
Zz a8 | 
= : 
A 
D 
S” (S’) 
_\\ 
| 
\\ 
| 
INFLUENT 


1 1s the 
Si, and 
10nium 
imated 


May 1961 


the reaction mixture is stirred vigorously. The precipitated 
protein together with the insoluble cell debris is removed by 
centrifugation at 1300 x g for 20 minutes in large capacity 
centrifuges (e.g. International SR-3 or refrigerated International 
model 13L). 

The supernatant liquid, which is still turbid, is clarified by fil- 
tration. Unwashed Celite 503,? 5 g per liter of supernatant 
liquid, is added and thoroughly suspended. Filtration is con- 
ducted on two stainless steel Buchner funnels’ with a diameter of 
33 em through one layer of coarse‘ filter paper (above) and 1 
layer of Whatman No. 1 filter paper (below). The volume re- 
covery of the clear, golden yellow filtrate (Fraction II) is 
approximately 30 liters. 

Fraction III—The filtrate is made 5 X 10-* m with respect 
to silver nitrate by dissolving the calculated amount of crystalline 
AgNOs in 150 ml of cold distilled water and adding this solution 
to the vigorously stirred Fraction II. The pH, about 5.4, is 
adjusted to 4.2 + 0.05 with ice-cold 2 N H2SO,-1.87 m (NH4)2SO« 
(approximately 450 ml are required) in the same manner as de- 
scribed for Fraction II, and the suspension is allowed to stand 
inthe cold room for 3 hours with gentle stirring. The precipitate 
is then collected with three refrigerated Sharples Super centri- 
fuges running at 40,000 r.p.m., while the suspension is siphoned in 
at a rate of approximately 200 ml per minute for each centrifuge. 

The pellet is suspended in 0.05 m Versene, pH 8.0 (one-eighth 
the volume of Fraction II), with a Waring Blendor at low speed 
regulated with a variable autotransformer (Powerstat). Ini- 
tially, the pellet dissolves, but with time a considerable amount 
of material, probably denatured, comes out of solution. The 
mixture is stirred gently overnight and shielded against light. 

The next day, the precipitated material is centrifuged off at 
1300 x g (International SR-3) for 45 minutes. The supernatant 
liquid (yellow and slightly opalescent) is retained, and the 
pellet is extracted a second time with 0.05 m Versene, pH 8.0 
(}, the volume of Fraction II). The very thick suspension this 
time is centrifuged for 20 minutes at 15,000 x g (e.g. Servall or 
lourdes refrigerated centrifuges with GSA or VRA rotor, re- 
spectively) to recover the largest possible volume. Both ex- 
tracts are combined (Fraction III), yielding a volume of about 
one-seventh that of Fraction II. 

Fraction IV—The ammonium sulfate saturation of Fraction 
III is estimated as indicated above (averaging approximately 
0.06) and increased to 0.48. The small turbidity, which ap- 
pears, is removed by centrifugation for 20 minutes at 15,000 x 
9. The supernatant liquid (yellow and opalescent) is made 
0.67-saturated with ammonium sulfate, and the heavy precipitate 
is collected by centrifugation under the same conditions as 
before. The pellet is dissolved in freshly prepared 0.05 m 
Versene-0.01 m cysteine, pH 8.0, (one-fifth the volume of Fraction 
Ill). The resulting solution, slightly turbid and deeply yellow 
incolor, is dialyzed for 10 hours against a total of 60 liters of 0.005 
“magnesium sulfate by flow dialysis (see ‘‘Materials and Meth- 
ods” and Fig. 2). The small precipitate, which forms during 
ry is removed by centrifugation for 15 minutes at 15,- 

X 

The protein concentration of the clear, golden yellow superna- 
lant fluid (Fraction IV, approximately one-third the volume of 
Fraction III) is determined. 

*Johns-Manville Company. 


‘Industrial Service Laboratories, Milwaukee. 
‘No. 516, Filpaco Industries, Inc., Chicago. 
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Fraction V—The initial conditions for the ethanol fractionation 
are: 10 mg of protein per ml, 0.005 m magnesium sulfate, 0.1 m 
magnesium acetate. For convenience, a calculated volume of 
0.005 m MgSO, is added to Fraction IV, followed by an aliquot 
(0.1 of required final volume) of a solution, which is 1.0 m 
with respect to magnesium acetate and 0.05 m with respect to 
magnesium sulfate, to yield the desired final concentrations.§ 
The pH of this mixture (about 6.3) is adjusted to 5.5 with ice- 
cold 1 N H2SO, (about 100 ml are required). 

After the solution is chilled to —1° in an —8° bath, 0.25 
volume of 95% ethanol (chilled to —10°) is added with me- 
chanical stirring, at a rate such that the temperature does not 
exceed 0°. Stirring is continued, with care to avoid formation 
of foam, until the temperature has dropped to —5°. The milky 
precipitate is then collected by centrifugation at 10,000 x g 
and at a flow rate of about 100 ml per minute in the continuous 
flow rotor (CFR-2) of the Lourdes LRA centrifuge, the tempera- 
ture being maintained between —6° and —8° during centrifuga- 
tion. The small cream-colored precipitate is suspended in a 
volume of ice-cold 0.1 M magnesium acetate, which is equal to 
one-tenth the volume of Fraction IV after dilution to 10 mg per 
ml. Extraction is allowed to take place by stirring the sus- 
pension for 30 minutes in an ice bath. The insoluble material 
is removed by centrifugation for 15 minutes at 15,000 x g, 
and the clear supernatant liquid (light greenish yellow) is 
designated as Fraction V. : 

Fraction VI—After Fraction V is analyzed for protein, it 
is diluted to 5 mg per ml, if necessary, and bentonite is 
added with stirring, at a ratio of 3.0 g of bentonite per g of pro- 
tein. Gentle stirring is continued for 15 minutes and the 
adsorbent removed by centrifugation for 40 minutes at 15,000 x 
g. The slightly colored supernatant liquid (Fraction VI) is 
retained. 

Fraction VII—Fraction VI is made 0.66-saturated with 
ammonium sulfate, and the resultant semicrystalline-like mate- 
rial is centrifuged off at 15,000 x g for 20 minutes and dis- 
carded. The ammonium sulfate saturation of the supernatant 
liquid is increased to 0.86; this second precipitate is collected by 
centrifugation at 15,000 x g for 4 hour and dissolved in 0.05 m 
Versene, pH 8.0 (one-tenth the volume of Fraction VI). 

The protein solution is made 10-* m with respect to diiso- 
propyl fluorophosphate by the addition of an ice-cold 0.1 m 
solution, and dialyzed for 8 hours against 30 liters of 0.01 m 
sodium succinate, pH 5.6. A trace of turbidity, which may 
appear after the dialysis, is removed by centrifugation at 
15,000 x g for 15 minutes. The clear yellow supernatant liquid, 
Fraction VII, has about one-sixth the volume of Fraction VI. 

Fraction VIII—The next step consists of two parts, firstly, 
addition of manganese to remove further inactive material and, 
secondly, precipitation of the enzyme with acetone in the pres- 
ence of manganese. 

Final concentrations required for the first part are: 5 mg of 
protein per ml, 5 X 10-* m manganese (ous) acetate, and 2.5 x 
10-4 mM manganese (ous) sulfate. These conditions are achieved 
in a manner analogous to Fraction V by using a 1 M solution of 


5 An initial turbidity, which appears on dilution with 0.005 m 
MgS0O,, disappears after addition of the magnesium acetate. It 
is important to add first the calculated volume of 0.005 m MgSO, 
before the 1 M magnesium acetate-0.05 m MgSQ,, otherwise a 
small precipitate may appear, which dissolves rather slowly at the 
final dilution and will contaminate the alcohol precipitate. 
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manganese acetate which is also 0.05 mM with respect to manga- 
nese sulfate. The manganese solution is added after dilution 
to the desired protein concentration with 0.01 m sodium succi- 
nate, pH 5.6. The pH, which decreases to about 5.3, is ad- 
justed to 5.14 + 0.02 with ice-cold 1 N H2SO, (approximately 
0.35 ml is required). The mixture is then centrifuged for 15 
minutes at 15,000 x g, and a brownish gelatinous pellet is dis- 
carded. 

To the supernatant liquid, an additional aliquot of 1 M manga- 
nese acetate-0.05 mM manganese sulfate solution is added to 
make a final concentration of 0.02 Mm manganese acetate. The 
pH of the mixture is then adjusted to 5.5 + 0.02 with ice-cold 
1 Nn NaOH (about 0.5 ml is required). Any turbidity, which 
may appear at this point, is centrifuged off in the same way as 
before and discarded. 

The supernatant liquid is chilled to —1° in a —8° bath and 
acetone (at —10°) is slowly added to give a final concentration 
of 11% (volume per volume). The temperature should not 
exceed 0°. The mixture is kept for 10 minutes at 0° and the 
precipitate collected by centrifugation at 15,000 x g for 20 
minutes. The supernatant liquid, which is very faintly 
yellowish brown in color, is discarded, and the gelatinous yellow 
pellet is dissolved with some difficulty in 0.05 M ammonium 
citrate, pH 8.0 (one-tenth the volume of Fraction VII). The 
protein concentration of the golden yellow solution (Fraction 
VIII) is determined. 

Fraction I[X—Fraction VIII is diluted to 10 mg of protein 
per ml with 0.05 mM ammonium citrate, pH 8.0, and made 0.60 
saturated with ammonium sulfate. After removal of a yellow 
precipitate by centrifugation (20 minutes at 25,000 x g), the 
ammonium sulfate saturation of the supernatant liquid is 
brought to 0.73, and a very light colored precipitate is collected 
by centrifugation as above. It is dissolved in 0.05 M ammonium 
citrate, pH 8.0 (one-third the volume of Fraction VIII) and 
dialyzed overnight against 6 liters of 0.002 m dibasic ammonium 
phosphate (pH 7.8). The light yellow dialysate is Fraction LX. 

Fraction X—After the total protein of Fraction IX is deter- 
mined, a 35-fold amount of DEAE-SF (prepared as described in 
“Materials and Methods” and calculated as dry material) is 
suspended in cold distilled water and transferred to a coarse 
sintered glass funnel (6.5 cm in diameter), inserted tightly in a 
suction flask. The DEAE-SF is stirred to give a thick homoge- 
neous slurry, which is finally packed to a wet cake of about 0.3 
em height per g of dry DEAE-SF by use of gentle suction. 

Fraction IX is allowed to pass into the bed of DEAE-SF 
without suction. After 10 minutes, the cake is washed with 
0.025 m (NH4)2HPO, (100 ml per g of dry DEAE-SF), with use 
of gentle suction. Elution of the enzyme by 0.15 Mm (NH4)2HPOs, 
pH 7.8, follows with a total of 14 ml of per g of dry DEAE-SF. 
The first two volumes (2. ml per g of DEAE-SF) do not contain 
any enzyme and are discarded. The remaining 12 volumes 
are divided into three portions of 6, 4, and 2 volumes, respec- 
tively. Very little suction is applied to the flask to avoid 
formation of foam, and after each of these three eluting portions 
the cake is pressed out with a flat glass rod. The eluates are 
combined® and made 0.95-saturated with ammonium sulfate. 
Because the protein concentration is relatively low (0.5 to 1 


6 [It is advisable to measure the absorbancy ratio of 280 my/ 
260 mz which will rise, after the DEAE-SF treatment, from about 
0.54 to about 1.6, indicating that this step is highly efficient in 
removing almost all contaminating nucleic acid. 
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mg per ml), at least 1 hour is allowed for precipitation, afte 
which time the precipitate is collected by centrifugation 
15,000 x g for 1 hour. The pellet is dissolved in 0.001 y 
Versene, pH 7.0 (1 ml per g of dry DEAE-SF used) to give Frap. 
tion X. 

Fraction XI'—The protein concentration of Fraction X jg 
determined and diluted if necessary to 10 mg per ml with 0.00] 
M Versene, pH 7.0. The ammonium sulfate saturation js 
estimated as described before and increased to 0.64. After | 
hour, a small but significant turbidity is removed by centrifuga. 
tion at 25,000 x g. The ammonium sulfate saturation of the 
supernatant liquid is brought to 0.78 and the mixture kept for 
at least 3} hour before centrifugation at 25,000 x g for 30 minutes 
(e.g. Servall or Lourdes centrifuges, SS-34 or 9RA rotor, re. 
spectively). 

Crystallization—The 0.78 saturation ammonium sulfate pellet 
is dissolved in 0.01 m TPN, pH 7.3 (about 7's to 75 the volume 
of Fraction X after dilution to 10 mg of protein per ml). The 
ammonium sulfate saturation is estimated, and saturated (at 
0°) ammonium sulfate solution of pH 7.3 is slowly added with 
gentle swirling to bring the saturation to 0.58. The final pro- 
tein concentration should lie between 25 and 30 mg per ml at 
this point.2 Immediately after the 0.58 ammonium sulfate 
saturation is reached, the enzyme solution is centrifuged for 5 
minutes at 25,000 «x g to remove any traces of insoluble fibrous 
material. The clear light yellow liquid is then transferred 
into a 3-ml tube with a round bottom, which allows smooth 
swirling without causing formation of foam, and is kept at 0°. 
Within several hours a considerable increase in viscosity oe- 
curs, and, simultaneously, on cautious swirling, a very in- 
pressive silkiness can be observed with indirect light. 

In the course of the next 3 to 4 days, the ammonium sulfate 
saturation is gradually increased to 0.62 (about 0.01 per day) 
by the addition of saturated ammonium sulfate solution, pH 
7.3. Within 36 to 48 hours after the last increase, 80% or more 
of the active protein will have crystallized. 


7If the procedure is carried through on twice the scale (0 
liters), centrifugation of the ethanol precipitate requires a longer 
time, which results in further precipitation of inert protein and 
therefore in slightly less purification and in a slightly lower spe- 
cific activity of all the subsequent steps. It is therefore nec- 
essary to introduce a second adsorption on DEAE-SF, because 
crystallization can not be induced readily below a specific ac- 
tivity of 20,000 units per mg. In those cases, the 0.78 saturated 
ammonium sulfate pellet of Fraction XI is dissolved in 0.05 m 
ammonium citrate, pH 8.0, and dialyzed again overnight against 
0.002 m (NH,)2:HPO,, pH 7.8. DEAE-SF equal to 25 times the 
amount of total protein of Fraction XI is equilibrated this time 
with 500 ml per g of dry DEAE-SF of 0.005 m (NH,)2HPO,, pH 
7.8, before adsorption of the enzyme. The DEAE-SF is then 
washed as described for Fraction X and the enzyme eluted with 
0.1 m (NH,4)2PO, (25 ml per g of dry DEAE-SF), divided into 
three portions in a manner similar to that described for Fraction 
X. The combined eluates are concentrated and refractionated 
with ammonium sulfate, with use of the same conditions as de- 
scribed for Fractions X and XI. 

8 It has been found most convenient to dissolve the pellet first 
in about 0.5 ml of 0.01 m TPN, pH 7.3, and to determine the re- 
covered volume. After the protein concentration is accordingly 
estimated, it is then diluted with 0.01 a TPN such that the final 
concentration will be between 25 and 30 mg of protein per ml 
after the ammonium sulfate concentration has been brought to 
0.58 saturation. On the other hand, if the protein is diluted too 
much, it will be very difficult to obtain crystals at an ammonwum 
sulfate concentration below that which precipitates the amor 
phous material. 
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Recrystal/izations—The crystalline suspension is centrifuged 
for 1 hour at 25,000 x g, and the mother liquor is removed 
egutiously with a transfer pipet. (The specific activity of the 

llow mother liquor is less than one-third that of the crystal- 
line material.) The crystals are washed with 0.64-saturated 
ammonium sulfate solution of pH 7.3, (one-fourth the volume of 
the first mother liquor), and immediately centrifuged for 1 hour 
at 25,000 x g. After the crystalline pellet is once more dis- 


Fic. 3. Crystals of glucose-6-P dehydrogenase. The photo 
micrograph was obtained with a Spencer microscope at about 4°. 
The magnification is indicated by the 10-u line drawn on the pho- 


tograph. 
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solved in 0.01 m TPN, pH 7.3 (one-half the volume used for the 
first crystallization), the ammonium sulfate saturation is esti- 
mated and brought to 0.55 as described for the first crystalliza- 
tion; the second crystals usually appear within 10 to 60 
minutes. Over a period of the next 2 to 3 days the ammonium 
sulfate saturation is increased to 0.60; again, more than 80% 
of the activity of the first crystals can be obtained in crystalline 
form. 

The second mother liquor is only very light yellow and addi- 
tional liquors are essentially colorless. 

Further recrystallizations are carried out in the same manner, 
except that the washing step is omitted and crystallization is 
induced at 0.54 and gradually increased to 0.58 ammonium sul- 
fate saturation. 


Usually, the third or fourth crystals vield a constant specific 
activity of about 42,000 units per mg of protein, which corre- 
sponds, under the described conditions of analysis, to a rate of 
676 umoles of TPNH formed per mg of protein per minute. This 
velocity may be compared with the values quoted by Glaser and — 
Brown (9) for their preparation: 70 to 120 umoles per mg of 
protein per minute under their conditions at 25°. 

A photomicrograph of the bipyramidal crystals of glucose-6-P 
dehydrogenase is shown in Fig. 3. 

A summary of the data for a typical preparation (No. 14) is 
given in Table I. The crystalline enzyme is obtained after an 
approximately 2500-fold purification over the initial extract with 
about 10% over-all yield. The reproducibility of the procedure 
has been found to be satisfactory, with the yield of each step 
deviating near +5% from the data quoted in the table. 


TABLE I 


Fractionation of glucose-6-P dehydrogenase (Preparation No. 14) 


Initially, 3 kg of dried brewers’ yeast. 


| | Purification Recovery 
Fraction Volume Protein Specific activity 
QOver-all preceding Over-all preceding 
| step step 
26, 880* 15.3 68.3 16.6 (100) (100) 
II. (NH,)2 SO, supernatant, 0.48 saturation.| 30,000 8.5 61.2 23.9 1.4 1.4 90 90 
Ill. Extracted AgNO; precipitate.......... 4,360 22.7 48 .0 48.5 2.9 2.0 70 78 
IV. (NH4)2 SO,4, 0.48 to 0.67 saturation. .. 1,470 39.7 44.5 76.3 4.6 1.6 65 93 
V. Alcohol precipitate.................... | 605 4.6 38 .4 1,380 83 18.1 56 86 
VI. Bentonite supernatant................. | 585 2.4 | 31.2 2,250 136 1.6 46 81 
VII. (NH,)2 SO4, 0.66 to 0.86 saturation... . 95 8.8 | 28.5 3,400 205 1.5 42 91 
VIII. Acetone precipitate. .................. | 18.8 73° | 7,160 430 2.1 34 82 
IX. (NH4)2 SO,, 0.60 to 0.73 saturation. .. 18.5 9.5 18.7 10,670 640 1.5 27 81 
X. Concentrated DEAE-SF eluate........ | 7.15 13.1 15.8 16,890 1,020 1.6 23 84 
XI. (NH,):SO4, 0.64 to 0.78 saturation. .... 2.4 27.0 | 14.2 | 21,960 1,320 1.3 21 90 
Crystallizations | 
| 1.44 24.3 11.4 32,550 1,960 1.5 17 80 
1.09 22.1 9.2 38 , OOO 2,290 1.2 13 80 
| 0.95 20.5 8.1 41,900 2,520 1.1 > 
| 0.93 17.6 6.9 42,100 2,535 1.006 10 85 


* After subtraction of the volume included by the cell debris (16%). 


| 
| 


DISCUSSION 


The procedure described above for the isolation of glucose-6-P 
dehydrogenase involves some points of general interest for puri- 
fication of enzymes from yeast. 

1. Considerable effort was spent to find optimal conditions 
for autolysis and, especially, the effect of mechanical disintegra- 
tion of the yeast cells on enzyme yield. Best conditions found 
were with a Potter-Elvehjem homogenizer for a thick cell paste, 
which obviously could not be applied to the required scale. 
Combined use of a large porcelain mortar and a Waring Blendor, 
or use of a porcelain ball mill, respectively, resulted in uncon- 
trollable production of COs» in the cell suspension and partial 
denaturation of the enzyme. It has been found, however, that 
only thorough suspension of the dried yeast by efficient mechan- 
ical stirring is necessary, if sufficient ionic strength at an alkaline 
pH is present; in particular, ammonium ion seems to facilitate 
the autolysis. The optimal conditions worked out are described 
under Fraction I. 

2. Precipitation of the proteins as heavy metal complexes at 
an early stage was found to be convenient, as in previous prep- 
arations (17, 18), to reduce the initially large volumes. 

3. For the extraction of the silver proteinates, Versene (with 
rather poor complexing ability for silver) was used to effect, as 
far as possible, a selective extraction of the enzyme. Concen- 
tration and pH of the Versene solution were chosen in such a 
way that most of the enzyme but only part of the nucleic acids 
are extracted. However, the procedure after the silver step is 
designed to make as much use as possible of the presence of this 
amount of nucleic acids. It allows specific precipitation of the 
enzyme nucleates at relatively low solvent concentrations 
(ethanol or acetone), leaving in solution the bulk of inert protein. 
Simultaneously, it minimizes the volume increase due to solvent 
additions, which is very important for large scale operations. 

4. Although the presence of nucleic acids facilitates the 
purification of the enzyme, their final removal is necessary be- 
fore crystallization. After the commonly used methods for re- 
moval of nucleic acids (e.g. Mn**, protamine, digestion with 
ribonuclease) were tried with little success, the use of basic 
DEAE-cellulose anion exchanger in its unequilibrated hydroxyl 
form proved to be very effective. The DEAE-cellulose has all 
the useful properties of protamine (high molecular weight, 
basicity, capacity for combining with nucleic acids with the 
formation of an insoluble compound) but lacks the disadvantage 
of possible contamination of the preparation by foreign protein. 

5. As illustrated by the various ranges of ammonium sulfate 
concentration used during the stages of purification, the solubility 
of the enzyme in ammonium sulfate solution depends upon (a) 
the presence or absence of certain impurities (e.g. inert protein 
and large molecular nonprotein material), (6) specific ion effects 
(e.g. Ag*, Mg**, Mn**), (c) pH, and (d) effective enzyme con- 
centration. 

6. First attempts at isolation met with extreme difficulty to 
prevent inactivation of the enzyme by apparent proteolytic activ- 
itv. A variety of methods were tried either to stabilize the en- 
zyme or inhibit the proteolytic activity. The most successful 
methods found were the use of silver at the very early stages 
and, after its removal and further purification of the enzyme, the 
addition of diisopropyl! fluorophosphate. This powerful inhibitor 
of proteolysis had been used by Stein and Fischer (19) in the 
isolation of a-amylases. Fortunately, diisopropyl! fluorophos- 
phate does not inhiiit the glucose-6-P dehydrogenase activity 
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and, by its addition, losses due to proteolysis are essentially 
eliminated. 

7. Apparently, in yeast, glucose-6-P dehydrogenase is present 
in a relatively low concentration. Approximately 160 mg of 
enzyme can be extracted from 3 kg of dried Saccharomyces carly. 
bergensis, which is about 0.005% of the total dry weight and 
about 0.04°% of the total extractable protein. Therefore, it was 
necessary to emphasize yield more than purification. To achieye 
the over-all purification of 2500-fold with 10% over-all yield, 10 
fractionation steps and 4 crystallizations with an average yield of 
85% per step were required. For comparison, calculations show 
that purification procedures involving 14 steps with average 
yields of 80 and 90% per step result in over-all yields of 4.4 and 
23%, respectively. 

8. The enzyme at Fraction XI purity (about 50%) could 
only be induced to crystallize by the addition of its coenzyme, 
TPN. The presence of TPN results in surprisingly rapid erys- 
tallization of the enzyme at an ammonium sulfate concentration 
far lower than that which is required to precipitate the amor. 
phous enzyme. Whether or not TPN is part of the crystalline 
structure is a subject for current investigation. 


SUMMARY 
A procedure is described for the isolation of crystalline p-glu- 
cose 6-phosphate dehydrogenase from brewers’ yeast. 
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A bacterium which forms large polysaccharide capsules during 
growth on a mineral salts medium containing single carbon 
sources has been isolated from the soil. The polysaccharide 
produced by this bacterium was found to contain L-rhamnose 
and p-glucose in a ratio of approximately four to one (1). 

To determine the pathway for synthesis of this polysaccharide, 
cells were grown on radioactive substrates and the labeling 
patterns in the constituent sugars determined. These data have 
correlated with a detailed study of the enzyme systems involved 
in carbohydrate synthesis from succinic acid and from glucose 
(2). A preliminary report of this work has appeared (3). 


EXPERIMENTAL PROCEDURE 


A description of the organism and growth conditions used, as 
well as methods for isolation and hydrolysis of the polysaccharide 
and separation of rhamnose and glucose from hydrolysates, has 
been reported (1). The bacterium is a gram-negative coccus 
isolated from the soil on a mineral salts medium containing 2 ,3- 
butanediol as the carbon source. 

Succinic acid-1,4-C4 and p-glucose-1-C!* were obtained from 
the Volk Radio-Chemical Co. p-Glucose-2-C and p-glucose-6- 
C4 were obtained from the National Bureau of Standards. 

Radioactivity measurements were made with a model SC-16 
windowless flow counter, Tracerlab, Inc., and the results are 
expressed as counts per minute at infinite thickness of BaCQ3. 
All samples were counted for periods of time sufficient to give 
an error of less than 2%. Compounds were oxidized to CO., 
which was trapped in 2.5 N NaOH, and then converted to BaCO; 
by the addition of BaCl, (4). 

Rhamnose, glucose, succinate, and acetaldehyde-bisulfite com- 
pound were oxidized to CO: with potassium persulfate in water 
lution (5). Formic acid was oxidized to CO. with mercuric 
acetate (6). Glyoxal dichlorophenylhydrazone was oxidized to 
C0. with Van Slyke-Folch combustion fluid (7). 

Isolation of C-1 and -2, C-8 and -4, and C-5 and -6 of Rhamnose 
—Rhamnose was converted to the dichlorophenylhydrazone by 
the method of Mandl and Neuberg (8). This derivative was oxi- 
died with sodium metaperiodate as described by Topper and 
Hastings (9) for glucose phenylosazone, except that the reaction 
time was reduced to 5 minutes (10). The precipitated glyoxal 
dichlorophenylhydrazone (C-1 and -2) was collected on a filter 


* Aided by a grant (E-1545) from the National Institutes of 
Health, United States Public Health Service. 
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and recrystallized from dilute ethanol. The formic acid (C-3 
and -4) and acetaldehyde (C-5 and -6) in the filtrate were sepa- 
rated as follows. Excess periodate was destroyed with sodium 
arsenite at pH 4. Acetaldehyde was obtained by distilling two- 
thirds of this solution into a chilled sodium bisulfite solution. 
The sodium bisulfite-acetaldehyde solution was evaporated to 
dryness and the derivative was oxidized to COs. A control 
experiment showed that no acetaldehyde was lost by this pro- 
cedure. The formic acid was recovered from the residue of the 
acetaldehyde distillation by steam distillation from acid solu- 
tion. 

Isolation of C-1, C-2 and -8 and -4, C-5, and C-6 of Rhamnose— 
Rhamnose was oxidized to barium rhamnoate by hypoiodite (11) 
which was converted to the sodium salt with Na,SO,. The so- 
dium rhamnoate was oxidized with periodate as described by 
Bernstein (12) for potassium ribonate, except that the oxidation 
was carried out at 0° (10). Acetaldehyde (C-5 and -6) and CO, 
(C-1) were simultaneously aerated from the reaction mixture 
with a stream of N2 into a sodium bisulfite trap and a sodium 
hydroxide trap, respectively. A KMnQO, trap was placed be- 
tween these two traps to prevent SO, from being swept into the 
CO.ztrap. The formate remaining in the flask (C-2 and -3 and -4) 
was isolated by steam distillation. Acetaldehyde was liberated 
from the bisulfite and oxidized to formic acid (C-5) and iodoform 
(C-6) (13). Formic acid was oxidized to COs, and the iodoform 
was plated and counted directly. 

Isolation of C-1 and -2 and -3 and -4, and C-5 and -6 of Rhamnose 
—Rhamnose was oxidized to formate (C-1 and -2 and -3 and -4) 
and acetaldehyde (C-5 and -6) with sodium periodate as follows. 
Sodium periodate (4 mmoles) was added to a distillation flask 
containing 5 mmoles of sodium phosphate buffer (pH 5.8) and 
0.842 mmole of rhamnose (final volume, 19.5 ml). The mixture 
was allowed to stand at room temperature for 5 minutes and 
then was slowly heated to boiling. Two-thirds of the volume 
was distilled into a cold sodium bisulfite solution. Assay of 
acetaldehyde (14) showed that 0.825 mmole of acetaldehyde had 
been recovered. The periodate remaining in the distillation 
flask was destroyed with KI and sodium arsenite, and the for- 
mate was isolated by steam distillation. The distillate contained 
2.5 mmoles of titratable acid. 


RESULTS 


Growth of Cells on Succinate-1 ,4-C'*—Rhamnose from the 
polysaccharide of bacteria grown on succinic acid-1,4-C™ (spe- 
cific activity, 9800 c.p.m.) had a specific activity of 5350 c.p.m. 
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Thus the specific activity of isolated rhamnose was approximately 
55% of the specific activity of succinic acid fed to the organism. 
Table I shows the distribution of radioactivity among the carbon 
atoms of rhamnose isolated after growth on succinic acid-1 ,4-C™. 
It can be seen that the radioactivity was located exclusively in 
carbons 3 and 4. No attempt was made to determine whether 
carbons 3 and 4 were equally labeled. Carbons 1, 2, 5, and 6 of 
rhamnose were unlabeled. It is not clear why not all the radio- 
activity of the isolated rhamnose could be accounted for in the 
degradation procedure. Since this procedure consisted of perio- 
date oxidation of rhamnose 2,5-dichlorophenylhydrazone and 
recovery of carbons 3 and 4 as formate, some conversion of 
nonradioactive carbons 1 and 2 of the derivative to formate may 
have occurred. This would have diluted the formate derived 
from carbons 3 and 4. 

Growth of Cells on Labeled Sugars—Since the organism studied 
appeared to metabolize glucose exclusively via the Entner- 
Doudoroff pathway (2), it was of interest to study the formation 
of the rhamnose and glucose constituents of the polysaccharide 
obtained from cells grown on specifically labeled glucose-C™. 
Table II lists the labeled substrates used and the specific activi- 

TABLE I 
Distribution of radioactivity in rhamnose formed from 
succinic acid-1 ,4-C'4* 


Carbon No. | Specific activity % of 
c.p.m. 
1, 2, 3, 4, 5,6 463 100 
1,2 30 2.2 
3, 4 1045 77.4 
5, 6 0 0 


* Radioactive rhamnose isolated from the polysaccharide was 
diluted with unlabeled rhamnose before this analysis. 


TABLE II 
Conversion of substrate glucose-C'* to polysaccharide sugars 
: Specific activity of | Specific activity of | Specific activity of 
c.p.m. c.p.m. c.p.m. 
C-1 7000 70 
C-2 3700 30* 100* 
C-6 3800 7800 8100 


* These values were calculated from the specific activity of a 
mixture of rhamnose and glucose. The value given for each sugar 
is the maximal possible specific activity, assuming in each case 
that all the radioactivity in the mixture was confined to the sugar 
in question, with no radioactivity in the other sugar. 


TaBLeE III 
Distribution of radioactivity in rhamnose formed from glucose-6-C'4 
Carbon No. Specific activity % of 
c.p.m. 
1 2730 50.2 
2, 3,4 115 6.3 
5 11 0.2 
6 2370 43.3 


Biosynthesis of a Bacterial Capsular Polysaccharide 


Vol. 236, No.5 


ties of substrates and polysaccharide sugars isolated. It can be 
seen that glucose-1-C'™ yielded unlabeled polysaccharide rhap. 
nose. The polysaccharide glucose was not isolated in this ex. 
periment. Furthermore, glucose-2-C yielded unlabeled rhap. 
nose and unlabeled glucose in the polysaccharide. Polysacchg. 
ride rhamnose and glucose synthesized from glucose-6-C™ each 
had approximately twice the specific activity of substrate glucoge 
(Table II). It appears that carbons 1, 2, and probably 3 were 
completely oxidized and that the sole precursor for polysaccha. 


ride synthesis was a three-carbon compound derived from carbons | 


4, 5, and 6 of glucose. 
As seen in Table III, radioactivity in the rhamnose molecule 


formed from glucose-6-C™“ was located almost exclusively in | 


carbons 1 and 6, with the specific activity of these two carbons 
being almost equal. 
was calculated from the difference between the counts obtained 
with carbons 1, 2, 3, and 4 and the counts obtained from carbons 
2,3,and 4. This method of difference was used because the C-] 
obtained by decarboxylation of rhamnoic acid had a lower ac. 


tivity than the specific activity obtained by difference. The | 


lowered specific activity in the CO, obtained from C-1 was 
probably due to contamination by nonradioactive COs, since 
more CO: was collected than was calculated to be theoretically 


possible. 
DISCUSSION 


The finding that the organism studied formed polysaccharide 
rhamnose which contained label in positions 3 and 4 of the mole- 
cule during growth on succinic acid-1 ,4-C' suggested that the 
rhamnose carbon skeleton was synthesized by the following 
reaction sequence: succinate (4), fumarate (6) malate (c), 
oxalacetate + phosphoenolpyruvate (¢), triose phos- 
phate (f), hexose. Rhamnose formed by this mechanism 
would contain the radioactive carbon from only one carboxyl 
group of the succinic acid, and therefore, the specific activity of 
the rhamnose should be 66% of the specific activity of the suc- 
cinic acid-1 ,4-C™ fed. However, if (b), (c), and (d) are reversi- 
ble reactions, unlabeled atmospheric carbon dioxide could dilute 
the radioactivity of both carboxyl groups of the dicarboxylic 
acids, since the carboxyl groups of fumarate are equivalent. 
Dilution by atmospheric CO, could explain the low specific 
activity of polysaccharide rhamnose isolated (55% of the specific 
activity of the substrate succinate). Extracts of this organism 
have been shown to contain a potent inosine triphosphate-de- 


pendent oxalacetate carboxylase (2) which could be responsible | 


for such CO, fixation. 

The reactions leading from phosphoenolpyruvate to fructose 
diphosphate present no energy barriers for synthesis (15), and 
Mendicino and Utter (16) have demonstrated net synthesis of 
hexose from phosphoenolpyruvate in a reconstructed system. 
Evidence for operation of the Embden-Meyerhof pathway for 
hexose synthesis was reported by Bagatell et al. (17), who found 
that isotope was located exclusively in carbons 3 and 4 of glucose 
synthesized from acetate-1-C™ by Escherichia coli. Evidence for 


all enzymes of the Embden-Meyerhof pathway have been demon- 
strated in extracts of succinate-grown cells used in these studies 
(2). 

Studies of the enzymatic patterns of glucose-grown cells indi- 
cated that glucose is metabolized by this organism through the 
following intermediates (2): glucose — gluconate — 6-phospho- 
gluconate — 2-keto-3-deoxy-6-phosphogluconate — pyruvate + 


The radioactivity in carbon 1 of rhamnoge | 
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glyceraldehyde 3-phosphate. When cells were cultivated on 
glucose-1-C™ the polysaccharide rhamnose was found to be un- 
labeled, whereas glucose-2-C™ yielded unlabeled polysaccharide 
glucose and rhamnose. These results indicated that substrate 
glucose was not incorporated directly into polysaccharide. Also, 
glucose was not reduced directly to the rhamnose carbon skeleton 
and then incorporated into polysaccharide. Although poly- 
saccharide is most probably formed from a pool of hexose mono- 
phosphates, the absence of hexokinase in this organism (2) pre- 
yents formation of glucose 6-phosphate from glucose. The lack 
of incorporation of carbon 2 of substrate glucose into polysac- 
charide sugar indicates that resynthesis of hexose from pentose 
(produced directly from glucose via 6-phosphogluconate) does 
not occur. Resynthesis of hexose phosphate by the action of 
transketolase-transaldolase reactions would result in retention of 
label in carbon 1 of the pentose. 

When glucose-6-C™ was used as growth substrate, polysac- 
charide sugars were synthesized which contained twice the spe- 
cific activity of the substrate glucose. This indicated that syn- 
thesis of polysaccharide sugars takes place entirely from carbons 
4,5, and 6 of substrate glucose. Enzymatic data (2) have shown 
that this portion of glucose gives rise to triose phosphate. Degra- 
dation of rhamnose produced from glucose-6-C™ revealed that 
carbons 1 and 6 were equally and exclusively labeled (Table III), 
the distribution which would be expected if synthesis of the 
rhamnose carbon skeleton originated from glyceraldehyde 3- 
phosphate, utilizing triose phosphate isomerase and aldolase. 
These two enzymes have been demonstrated in extracts of glu- 
cose-grown cells (2). 

The most detailed studies of L-rhamnose biosynthesis have 
been those of Hauser and Karnovsky (10, 18). These workers 
studied the distribution of isotope in rhamnose produced from 
radioactive substrates. The strain of Pseudomonas aeruginosa 
which they studied produced a “rhamnolipide”’ which could be 
crystallized from the growth medium. They found that rham- 
nose was produced from glycerol without cleavage of its carbon- 
carbon bonds. Their results indicated that the rhamnose carbon 
skeleton was synthesized from glycerol by an aldol condensation. 
These workers also found that fructose-6-C™ was converted to 
rhamnose-6-C", 

The biosynthesis of another methyl] pentose, L-fucose, has been 
studied in Aerobacter cloacae by Heath and Roseman (19). 
These workers isolated and degraded the component sugars of the 
extracellular polysaccharide (a polymer of D-glucose, L-fucose, 
and p-galactose) produced by cells during growth on glucose-C". 
Glucose-1-C and glucose-6-C™ were converted to polysaccharide 
sugars with no redistribution of the label. These results sug- 
gested that glucose was converted directly to fucose or involved 
a cleavage into fragments which were not interconvertible. 
Similar results were reported by Segal and Topper (20) and by 
Wilkinson (21). 

The evidence presented in this communication and in reports 
from other laboratories has indicated that methyl] pentoses are 
synthesized by one of two mechanisms: (a) direct conversion of a 
hexose derivative by reduction at carbon 6, or (b) condensation 
of two three-carbon compounds, one of which contains a methyl 
group. 

Recently Ginsburg and Kirkman (22) have reported the isola- 
tion of guanosine diphosphate fucose from an Aerobacter aerogenes 
strain that produces a polysaccharide containing L-fucose. Also, 
Ginsburg (23) has demonstrated that extracts of this organism 
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will catalyze the conversion of guanosine diphosphate mannose 
to guanosine diphosphate fucose in the presence of TPNH. 
Smith et al. (24) have reported isolation of uridine diphosphate 
rhamnose from the cells of two nonencapsulated variants of 
Streptococcus pneumoniae, type II. The capsular polysaccharide 
of the capsulated type II cells contains L-rhamnose. 

The evidence presented in this communication for the forma- 
tion of t-rhamnose is consistent with the direct reduction hy- 
pothesis, because it would appear that the same sequence of 
carbons contributes to the carbon structures of L-rhamnose and 
D-glucose in this organism. The formation of rhamnose-1 ,6-C™ 
from glucose-6-C™ is proof that rhamnose is synthesized from a 
nonsymmetrical three-carbon compound, such as glyceraldehyde 
3-phosphate. 

There has been speculation that lactic aldehyde could be a 
precursor of methylpentose. Lactic aldehyde, produced by re- 
duction of a triose, may be an intermediate in rhamnose synthe- 
sis by the organism studied in this laboratory, but attempts to 
detect lactic aldehyde in culture filtrates and in extracts of cells 
have failed. 


SUMMARY 


1. Synthesis of a bacterial polysaccharide containing L-rham- 
nose and p-glucose has been studied by the use of radioactive 
growth substrates. 

2. Succinic acid-1,4-C' was converted to polysaccharide 
rhamnose-3 ,4-C™, indicating synthesis via phosphoenolpyruvate 
through the Embden-Meyerhof pathway. 

3. Glucose-1-C™ was converted to unlabeled polysaccharide 
rhamnose. 

4. Glucose-2-C™“ was converted to unlabeled polysaccharide 
rhamnose and glucose, indicating that substrate glucose was not 
converted directly to polysaccharide sugars. 

5. Glucose-6-C™ was converted to polysaccharide rhamnose 
and glucose, each of which contained twice the specific activity 
of substrate glucose, indicating a preferential utilization of 
carbons 4, 5, and 6 of substrate glucose for polysaccharide syn- 
thesis. Isolation and degradation of polysaccharide rhamnose 
showed that rhamnose-1,6-C' was synthesized from glucose- 

6. In view of previous studies concerning the metabolism of 
glucose by this organism, it is postulated that the preliminary 
steps for the synthesis of the carbon skeleton of polysaccharide 
rhamnose involves conversion of glyceraldehyde 3-phosphate to 
hexose phosphates through the action of triose phosphate isom- 
erase and aldolase. 


Addendum—Since the completion of this manuscript, two 
reports have appeared concerning the biosynthesis of rhamnose. 
With the use of extracts from Streptococcus faecalis (Pazur, J. H., 
and Shuey, E. W., J. Am. Chem. Soc., 82, 5009 (1960)) and from 
Pseudomonas aeruginosa (Kornfeld, S., and Glaser, L., Biochim. 
et Biophys. Acta, 42, 548 (1960)) the synthesis of thymidine di- 
phosphate glucose from thymidine triphosphate and glucose 
1-phosphate, followed by reduction and epimerization to thymi- 
dine diphosphate rhamnose, has been described for each case. 
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(Received for publication, November 14, 1960) 


Enzymes that catalyze the oxidation of glucose and other 
sugars directly to the corresponding aldonic acids appear to be 
widely distributed in nature, since they have been found in bac- 
teria (1-9), fungi (10, 11), algae (12), and animal tissue (13-15). 
Ina preliminary communication (16), we have reported that the 
juice sacs of young oranges contain a system for the oxidation of 
sugars to aldonic acids. The present communication contains 
further information on the preparation and properties of this ox- 
idase system. It has been shown to catalyze the oxidation of at 
least nine different sugars and thus appears to have a much wider 
range of specificity than enzymes previously investigated. Vari- 
ous tests suggest that the oxidation of most of these sugars may 
occur through the action of a single enzyme with a wide substrate 
specificity rather than by a family of enzymes, each with a high 
specificity for a single substrate. 


EXPERIMENTAL PROCEDURE 


Materials and Methods—Oranges (Citrus sinensis, var. Valen- 
cia) of various ages were obtained from Citrus Experiment Sta- 
tion groves and groves in Santa Ana, California. Studies to 
determine the distribution of the enzyme in various Citrus species 
were performed with fruit obtained from the groves at the Citrus 
Experiment Station. Samples were stored at 1° until used. 

Unless otherwise specified, 0.25 mM mannitol solution was used 
as solvent and suspending medium throughout the preparation 
and fractionation of the enzyme. 

Standard manometric procedures were used to determine en- 
zyme activity. The main chamber of the vessel contained a suit- 
able aliquot of the enzyme preparation and 0.05 m phosphate 
buffer, pH 6.0, unless otherwise specified. The carbohydrate 
substrate was introduced froma sidearm. Materials to be tested 
as inhibitors or activators were added from a second side arm. 
Alkali was routinely used in the center well. The enzyme prep- 
arations normally contained sufficient catalase or peroxidase to 
destroy hydrogen peroxide as it was formed. 

The sugars were obtained from various commercial sources and 
their purity was checked by chromatography. The fructose was 
recrystallized from methanol before use. 

The production of hydrogen peroxide by the oxidase reaction 
was established colorimetrically with commercial horse-radish 
peroxidase (Sigma Chemical Company) and o-dianisidine. 

Nitrogen was determined by Kjeldahl digestion and direct 
hesslerization (17). 

Chromatographic isolation and identification of reaction prod- 

*Paper No. 1261, University of California Citrus Experiment 


Station, Riverside, California. Paper I of this series: R. C. Bean, 
Plant Physiol., 36, 429 (1960). ; 


ucts was carried out with the use of the solvents butanol-acetic 
acid-water (52:13:35), ethyl acetate-pyridine-water (5:2:5, upper 
phase), and phenol-water (80:20) with Schleicher and Schuell 
No. 589, white ribbon filter paper. Sugars were detected on 
chromatograms with 1% p-anisidine hydrochloride in butanol 
(18) or a saturated solution of benzidine dihydrochloride in eth- 
anol (19). Aldonic acids were visualized by dipping the papers 
in an acetone solution of potassium periodate after treatment with 
p-anisidine or benzidine hydrochloride (19). When C'*-labeled 
substrates were used, radioautograms of the chromatograms were 
prepared on Eastman Kodak ‘‘no-screen” x-ray film. The ac- 
tivity in the various chromatographic components was deter- 
mined by cutting out the active areas and counting the paper 
sections under a Nuclear-Chicago D-47 gas flow counter equipped 
with a thin Mylar window. Active areas too large to fit on a 
single planchet were divided into smaller sections and total ac- 
tivity was taken as the sum of the activity of the sections. 
Conditions for Extraction of Enzymes—Since the enzyme sys- 
tem was found localized in the juice sacs of very small fruits (see 
below), separation of the juice vesicles from the peels in quantity 
required special techniques. In small-scale studies, such as those 
concerning the effect of age on enzyme activity, the sacs were 
simply excised by hand, with a small, sharp, dental scraper. For 
larger preparations, where contamination by a certain amount of 
peel tissue would not be serious, a miniature reaming system was 
devised (Fig. 1). An aluminum reamer was attached to a stir- 
ring motor and the small fruit was reamed by holding it against 
the rapidly turning shaft. A continuous flow of extracting me- 
dium over the reamer was required to prevent clogging of the 
reamer vanes. For this purpose a circulating system was set up 
to allow the extracting solvent to be filtered, cooled, and played 
over the reamer as a relatively small volume was maintained. 
Oranges under 10 g were cut in half transversely and the central 
pith removed with a small cork-borer. The sacs were reamed 
with 0.25 M mannitol as the suspending medium. After sufficient 
material was reamed to give a 10 to 20% suspension, the mixture 
was homogenized in a stainless steel blendor (Lourdes Instrument 
Corporation). For small scale preparations a glass tissue ho- 
mogenizer was used. After filtering through several layers of 
cheesecloth, the residue was rehomogenized in a half volume and 
refiltered. The combined filtrates were centrifuged at 15,000 x 
g. Both the sediment and supernatant were retained since the 
activity was usually distributed about equally between the two 
fractions. The supernatant was stored at —18° or dialyzed 


against mannitol solution and then stored. The sediment was 
washed once with mannitol solution, resuspended in mannitol, 
At this point, the activity of the sediment 


and stored at —18°. 
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fraction was quite stable and could be stored in the frozen stgtp | ‘re 
. for long periods of time without significant loss in activity. The | com 
soluble material lost up to half of its activity during the periog | 2 th 
of dialysis or upon storage for a similar period. However, the | sY# 
remaining activity in this soluble fraction was quite stable t) | itSP 


G storage. of th 
Effect of Variation of Extraction Procedures—Initial tests indj- Ny 

B a: cated that more activity was preserved by extraction in mannito| | 24 
or sucrose than in water or buffer. Other agents were added ty | St 


the basic extraction medium in attempts to solubilize more actiy. | 4 ] 
ity from the particulate fraction. Detergents (deoxycholeate, | ™9% 
ete ee Alconox, Tween 80, Tween 20, Dreft, and Triton X-100 (Rohm | Tab 
and Haas Company)) were used at concentrations of 0.5% in the tose 
medium. With deoxycholeate or Alconox a greater proportion of | 02 
activity was found in the soluble fraction. However, the pres. | ‘U8 


ence of these detergents introduced difficulties in analysis and jn | 

fractionation, so that they were not generally used. Organic mul 

solvents, ethyl acetate, butanol, chloroform, and pyridine, had ; 

unpredictable effects without significantly improving extraction, or 

Addition of 8-thioethanol, cysteine or ethylenediaminetetraacetic | ‘U8 

acid did not affect extraction or stability during isolation. of t 

Methanol Fractionation of Crude Extract—Twenty-five to 50 ml the 

- of the mannitol extract, buffered at pH 6.0 with 0.05 m phosphate | dat 

Fic. 1. Reamer for small oranges. A, stirring motor; B,alumi- buffer, was cooled at 0°. Over a period of 30 minutes 0.75 vol- E 


num reamer; C, orange half; D, buchner funnel with loose woven _ymes of methanol, cooled by passing through a stainless steel tube call 
glass cloth filter; Z, stainless steel cooling coils in ice bath; F, ing dry ice bath, was added to the solution with constant stir- rate 
pump; ring. The flow rate of the methanol was governed by a fine I 
capillary tube drawn from polyethylene tubing. The precipitate = 
formed was removed by centrifugation, another 0.5 volumes of chr 
methanol was then slowly added to the supernatant, and the sus- | 07 


TABLE I 
Fractionation of orange vesicle sugar aerodehydrogenase 


Preparations obtained and assayed as in text. pension centrifuged. The sediment was taken up in0.25mman- | P 

useinihen Volume | Total activity |Specific activity  Nitol solution, dialyzed for 2 hours against mannitol, and stored | fou 

—— ~ at —18°. This solution lost half of its activity during a storage | For 

ul wl neriod of 2 to 3 weeks. A summary of activity relations during | 

Homogenate................ 50 1120 460 fractionation is presented in Table I. B, 

Dislysed 48 | 405 | All farther-ettempts to purify the ennyme have felled. 
Nathaniel precipitate ©.75- monium sulfate precipitation at various controlled acidities gen- 
SEES ot tS 8 270 2120 erally caused extensive inactivation. Negative results were also 
obtained in attempts to purify the enzyme by fractional elution 


after adsorption on DEAE-cellulose ion exchange agents (Bio- 


recovered from the ion exchange agents, although, under similar ml 
conditions, the crude glucose oxidases from Jridophycus flaccidum 0.1 

z ga Be Be or Penicillium notatum were stable and could be extensively 
e Variation in Enzyme Content with Size of Fruit—Early experi- _- 
3 ments indicated that the enzyme was present only in small fruit. p-( 
i 10004 | A study was, therefore, made to establish the actual change in ( 
a enzyme during growth. Fruits ranged in size from less than 4 I 
ve ae gram to greater than 20g. Juice sacs were excised by hand into . 
> - 8 ml of mannitol solution to a final volume of 10 ml before ho- Re 
mogenizing in a glass homogenizer. After filtration through , ie 
muslin and centrifugation, part of the supernatant was dialyzed  _—_ 5 
and part was retained for analysis without dialysis. The sedi- |  ».; 
Oa ment was washed once and resuspended in mannitol solution N- 


equal to the volume of the homogenate. Equal aliquots of each wipe 


preparation were analyzed. 
Fig. 2. Variation in activity of orange vesicle sugar aerode- Fig. 2 shows that activity remains distributed between the 


FRUIT SIZE IN G. 


hydrogenase with size of fruit. Samples prepared and determined . ; icu- D- 
as indicated in the text. Solid lines, activity of dialyzed, soluble Sediment and the solution at all stages of growth. The particu. 
extract; dotted lines, activity of undialyzed, soluble extract; late fraction and the undialyzed soluble fraction show relatively — bic 


dashed lines, activity of particulate preparations. constant activity up to a weight of 10 to 11 g; as the weight in- 
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creases above 11 g, the activity rapidly decreases and disappears 
completely. Although there does not appear to be any activity 
in the undialyzed soluble fraction in the 12- to 14-g fruit, the di- 
alyzed preparation shows some activity in this size range. Thus, 
itappears that there may be a dialyzable inhibitor in the extracts 
of the larger fruits. 

Specificity of Enzyme—It is apparent, from the results pre- 
sented in Table II, that the preparations oxidize a wide variety 
ofsugars. The values in this table were obtained with the use of 
3 methanol-fractionated preparation. The relative rates for 
most of these sugars were the same with the other preparations. 
Table III shows the comparison of rates for D-glucose, D-galac- 
tose, 2-deoxyglucose, and 2-glucosamine in three different frac- 
tions. The ratios of oxidative activity are constant for all these 
sugars in three preparations. 

Additive experiments, in which two sugars were incubated si- 
multaneously in a single vessel, showed that competition oc- 
curred between glucose and 2-deoxyglucose, glucose and mannose, 
or glucose and xylose. These results, presented in Table IV, 
suggest that a common enzyme is involved in the oxidation of all 
of these substrates. Additional support for this idea is found in 
the inhibiting action of a single agent, glucuronic acid, on the oxi- 
dation of glucose, galactose, and mannose. 

Experiments with alpha and beta glucose were inconclusive be- 
cause of the rather slow rate of oxidation in comparison to the 
rate of mutarotation of glucose. 

Identification of Reaction Products—The product of enzymatic 
oxidation of C!4-glucose was identified as gluconic acid through 
chromatographic comparison with authentic C'*-gluconic acid 
formed by bromine oxidation of C'4-glucose (20). Each of the 
products showed a characteristic distribution of the activity into 
four major spots in two-dimensional chromatograms (Table V). 
For both the authentic and enzymatic samples the total activity 
was distributed in the following manner: spot A, 75 to 80%; spot 
B, 11 to 16%; spot C, 5 to 7%; and spot D, 2 to 4%. 

For further confirmation, a portion of the C'-gluconate ob- 


TABLE II 
Relative rates of oxidation of various sugars by orange 
vesicle preparations 
Vessels contained 0.5 ml of methanol-fractionated enzyme, 1 
ml of 0.05 m phosphate buffer, pH 6.0, and 0.5 ml of sugar to give 
0.11 m substrate. 


Sugars* Relative rates 
<1 


*Other sugars and sugar derivatives tested but showing no 
oxidation : L-glucose, L-arabinose, D-ribose, D-glucose 6-phosphate, 
D-glucose 1-phosphate, 2,3-dimethyl-p-glucose, L-fucose, L- 
thamnose, p-glucuronic acid, p-galacturonic acid, sucrose, meli- 
biose, raffinose, dulcitol, mannitol, glycerol, and sorbitol. 
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TaBLeE III 


Relative rates of oxidation of selected sugars by various fractions of 
orange vesicle preparations 


Manometric vessels contained a suitable aliquot of enzyme 
preparations, 1 ml of phosphate buffer, pH 6.0, 0.5 ml of sugar to 
give substrate concentration of 0.11 mM, and water to give total 
volume of 2.5 ml. 


Relative rates 
Preparation 
D-glucose |D-galactose! 
Crude soluble, dialyzed..... 100 92 54 17 
Particulate, washed....... 100 91 57 18 
Methanol-fractionated...... 100 91 55 19 
TaBLe IV 


Inhibition by sugars during oxidation by orange vesicle preparations 

Vessels contained 1 ml of dialyzed, soluble enzyme, 1 ml of 
phosphate buffer, pH 6.0, 0.5 ml of each sugar, and water to give 
3 ml of total volume. Glucose was at 0.022 m except where noted, 
other sugars at 0.11 Mm. 


Sugars* Relative rates 
60 
p-Glucose + p-2-deoxyglucose.................. 83 
p-Glucose + pD-mannose........................ 86 
p-Glucose + 68 
p-Glucose (0.11 m) + p-glucuronic acid......... 43 
99 
p-Galactose + p-glucuronic acid................ 30 
p-Mannose + p-glucuronic acid................ 10 
p-Galacturoniec 0 
p-Glucose (0.11 Mm) + p-galacturonic acid....... 45 


* Other sugars tested but showing no interaction: glucose 6- 
phosphate, fructose, and p-arabinose. 


tained from the enzymatic oxidation of glucose was mixed with 
inactive gluconic acid and oxidized to arabinose with hydrogen 
peroxide (21). Chromatograms of the oxidation products 
showed perfect coincidence between the radioactive area and the 
colored spot obtained by reaction of the arabinose with p-anisi- 
dine hydrochloride. 

Galactonic, lactobionic, and cellobionic acids were also pre- 
pared by bromine oxidation of the sugars. Chromatographic 
comparisons of the products of enzymatic oxidations of galactose, 
lactose, and cellobiose with the authentic samples verified that 
the enzymatic reaction formed the corresponding aldonic acids 
(Table V). 

Effect of pH—Change of activity with variation of pH was de- 
termined for glucose with the use of phosphate-citrate and phos- 
phate buffers with a dialyzed, soluble fraction. For each pH 
value, two flasks were used, one with and one without substrate. 
The actual pH of enzyme plus buffer was determined by direct 
measurement of a third preparation. Beginning at pH 6.5, an 
oxygen uptake was observed in the absence of substrate (Fig. 3). 
The rates observed in the vessels containing glucose are corrected 
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TABLE V 


Chromatographic identification of aldonic acids formed by enzymatic 


oxidation of sugars 


Authentic aldonic acids were formed by bromine oxidation of 


corresponding sugars. The values in the table are for Rg, the 
chromatographic movement relative to glucose. Solvent 1: 
butanol-acetic acid-water (32:13:35, volume for volume); solvent 
2: phenol-water (80:20, weight per volume); solvent 3: pyridine- 
ethyl acetate-water (2:5:5, volume for volume, upper phase). 


Re 
Material chromatographed 
| Solvent 1 | Solvent 2 | Solvent 3 
| 
C!4-gluconic acid* A 0.95 0.18 | 0.19 
B Le. 
C 
D 1.25 1.60 
C'4-glucose enzyme prod- <A 0.97 |; 0.18 0.19 
uct* B 
C 
D 125 {| 1.65 | 
Galactonie acid | 0.85 | 1.08 | 0.18 
Galactose enzyme product (0.85 
Lactobioniec acid | 0.41 | 0.09 | 0.10 
Lactose enzyme product 0.42 0.09 | 0.09 
Cellobionic acid 60.48 0.10 
Cellobiose enzyme product 0.49 OO. | 0.10 


* Values for solvent 1 and solvent 2 for C!4-gluconate and the 
C'4-glucose enzymatic reaction product were obtained from two- 
dimensional chromatograms (lst dimension with solvent 2). In 
this system, activity from labeled gluconate is always distributed 
between four major spots. All other data was taken from one- 
dimensional chromatograms. 
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Fic. 3. Effect of pH on activity of orange vesicle sugar aero- 
dehydrogenase. Activity determined manometrically as indi- 
cated in text using phosphate or citrate-phosphate buffers for 
control of pH. (©, observed oxygen uptake in control flasks; O, 
observed oxygen uptake in flasks containing glucose; solid and 
dashed line, curve caused by oxidation of glucose; dotted line, 
oxidation caused by endogenous substrate; alternate dashes and 
dots, observed oxidation caused by combined endogenous and 
glucose reactions. 


for the endogenous blank. The reaction rates show an optimum 
around pH 6. Similar results were obtained with particulate 
preparations. 

Activators and Stabilizers—No effect on activity or stability of 
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normal preparations, or those partly inactivated by dialysis, was 
found upon incubation with flavin adenine dinucleotide, flayip 
mononucleotide, adenosine diphosphate, adenosine triphosphate, 
diphosphopyridine nucleotide, ethylenediaminetetraacetic acid, 
8-thioethanol, or cysteine. Extraction in the presence of the 
three latter compounds or dialysis or fractionation in their pres. 
ence had no significant effect on the net amount of activity found 
at any stage of the enzyme preparation. 

Inhibitors—Little or no effect on rate of oxidation of glucose 
was observed when sodium azide, p-chloromercuribenzoate, dj- 
ethyldithiocarbamate, or acetate was incubated with the enzyme, | 
Therefore, this enzyme differs from the oxidase from Iridophycus 
which was strongly inhibited by acetate and propionate (12), 
The reaction was inhibited by copper, mercury, silver, and barium 
ions. 

The results shown in Table IV indicate that glucuronic and 
galacturonic acids are effective inhibitors. Further studies of the 
effect of glucuronic acid on the reaction with glucose, presented 
in Fig. 4, indicate that the inhibition is competitive. The reduc. 
tion in over-all oxidation rate observed upon adding a sugar with 
a low rate of oxidation to one having a high rate (Table IV) indi- 
cates that competition also occurs between oxidizable sugars. 
Thus, mannose, 2-deoxyglucose, or xylose’interfere with the oxi- 
dation of glucose. 

Formation of Hydrogen Peroxide—If the enzyme is a flavopro- 
tein aerodehydrogenase, similar to other glucose oxidases, forma- 
tion of hydrogen peroxide during the reaction would be expected. 
No hydrogen peroxide accumulated during the reaction, presum- 
ably caused by the action of peroxidases and catalase, but it was 
possible to demonstrate the formation of hydrogen peroxide by 
indirect means. In the presence of hydrogen peroxide and perox- 
idase, o-dianisidine is oxidized by the peroxidase to a colored 
product which can then be measured spectrophotometrically (22). 
With glucose oxidase from fungi or from Jridophycus this reaction 
could be used as a quantitative measure of hydrogen peroxide 
produced. With orange vesicle preparations it was possible to 
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Fic. 4. Inhibition of orange vesicle sugar aerodehydrogenase 
by glucuronic acid. Reactions carried out with one ml of buffer, 
0.1 m phosphate, one ml of dialyzed soluble enzyme, 0.5 ml of 
water, and 0.5 ml of glucose of a suitable dilution in the control 


flasks. 0.5 ml of glucuronic acid, adjusted to pH 6.0, replaced ; 


the water in the inhibited flasks. S, substrate concentration iD 
moles per liter; V, rate of reaction in wmoles of oxygen absorbed 
per hour; X, glucose only; O, glucose plus 0.10 m glucuronic acid. 
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demonstrate color formation that was dependent on the presence 
of glucose. However, competition between endogenous sub- 
strates and o-dianisidine for the peroxidase made quantitation 
impossible. 

Reaction with Other Hydrogen Acceptors—No reduction of meth- 
ylene blue, 2 ,6-dichlorophenolindophenol, 2,3 ,5-triphenyltetra- 
jolium chloride, or cytochrome ¢ could be observed either aero- 
bically or anaerobically. Thus, it would appear that the system 
has a much higher specificity for the oxidant than it does for the 
reducing substrate. This specificity might be either for oxygen, 
directly, or for an endogenous acceptor which can react with 
oxygen but not with the dyes. 

Distribution in Other Citrus Specites—A number of other citrus 
fruits were examined to determine the distribution of this enzyme 
inrelated plants. A summary of this study is given in Table VI. 
Homogenates of the vesicles were prepared from each of the fruits 
and were tested. Endogenous respiration was determined before 
the addition of glucose. The figures given in the table are for the 
increase over the endogenous oxygen uptake. Oxygen uptake 
by homogenates of lemon vesicles (C. limon) was not enhanced 
significantly by addition of glucose but gluconic acid was identi- 
fied as @ minor product of the metabolism of C'*-glucose in ex- 
cised, intact, lemon vesicles. Similarly, homogenates and ex- 
tracts of orange albedo (white layer of the peel) were apparently 
inactive in manometric experiments but gluconic acid was found 
among other metabolic products after incubation of albedo slices 
with C“-glucose. This would suggest that the enzyme may be 
active in some of the fruits or fruit parts which showed no ac- 
tivity in manometric experiments. 


TaBLeE VI 
Distribution of glucose aerodehydrogenase in Citrus species 


Vesicles were excised from various fruits by hand, homogenized 
with equal amounts (weight per volume) of water, and samples 
taken for manometric analysis. Activity is given in wl O:2 per 
g fresh weight per hr. 


Species tested vesiles Oxygen uptake 
g mg 
Citrus 
sinensis (var. Valencia) 5 90 1120 
(var. Navel) 8-10 350 660 
macrophylla 2 100 1250 
18 1800 450 
junios 5-8 130 1300 
10-15 290 410 
vulgaris 5-9 150 390 
macroptera 10-20 90 240 
aurantifolia 5-8 125 210 
aurantium 2 25 150 
limetta 120 
limon 9-10 200 Trace* 
davoensis 170 Insignificant 
grandis (Kao Panne) 40 50 Insignificant 
hyptriz Insignificant 
unsheri 50 Insignificant 
Poncirus trifolia 10-11 100 32 


* No significant activity manometrically but gluconic acid ap- 
peared as a labeled product when intact, excised, vesicles were 
incubated with glucose-C". 
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DISCUSSION 


Glucose oxidase from Penicillium notatum oxidizes glucose and 
2-deoxyglucose at much greater rates than any other substrate, 
although it shows slight activity toward several other sugars (23). 
The enzyme from Jridophycus flaccidum is known to oxidize five 
sugars at comparable rates (12). The enzyme system from 
orange vesicles is capable of oxidizing at least nine sugars at sig- 
nificant rates and several factors suggest that this broad speci- 
ficity may be contained in a single enzyme. The ratios of ac- 
tivity for several sugars are constant in crude or partially 
fractionated enzyme preparations. Glucuronic acid inhibits the 
action of the enzyme to a similar degree on glucose, galactose, or 
mannose. Mannose, 2-deoxyglucose, or xylose each acts as a 
substrate for the enzyme but also causes a reduction in the rate 
of oxidation of glucose indicating competition for sites on the 
same enzyme. 

A single enzyme responsible for such multiple activities must 
have a rather loose configurational specificity. The high rates 
of oxidation of glucose, galactose, cellobiose, lactose, and maltose 
indicate that configuration or substitution on carbon 4 of the 
sugar has little effect on specificity. The relative rates of oxida- 
tion of glucose, 2-deoxyglucose, mannose, glucosamine, and ace- 
tylglucosamine suggest that the configuration about carbon 2 may 
have slight effect on activity but a steric interference may also be 
involved. The situation in reference to the role of carbon 6 ap- 
pears confused since D-xylose may be oxidized whereas neither p- 
nor L-arabinose is oxidized at a significant rate. Glucuronic 
acid, having a carboxy] group in place of a primary alcohol group 
at carbon 6, cannot be oxidized but apparently retains a high 
degree of affinity for the enzyme as shown by its ability to inhibit 
the reaction with other sugars. No test of the configuration of 
carbon 3 has been made, although substitution of a methyl group 
in carbon 2 and 3 in dimethy!] glucose has been shown to abolish 
activity. Sugars of the L-series (L-glucose, L-rhamnose, or L- 
fucose) did not appear to be reactive. It was not possible to 
determine conclusively whether 6-glucose was oxidized in prefer- 
ence to a-glucose, since the rate of mutarotation of glucose was 
fast in comparison with the rate of oxidation in the preparation 
used. 

It is also of note that the enzyme shows its maximal activity in 
the fruit during a period roughly corresponding to the period of 
maximal cell division in the vesicles (24) and disappears entirely 
shortly after cessation of cell division. 

The function of this enzyme in citrus has not been determined. 
However, preliminary experiments with C'*-labeled glucose and 
gluconic acid in intact fruit and excised vesicles (25) have indi- 
cated that the orange may oxidize glucose to carbon dioxide 
through a pathway involving free gluconic acid. : 


SUMMARY 


An enzyme prepared from the juice sacs of young oranges has 
been shown to catalyze the oxidation of at least nine sugars, 
p-glucose, p-galactose, p-mannose, p-2-deoxyglucose, p-2-glucos- 
amine, D-xylose, cellobiose, lactose, and maltose, to the corre- 
sponding aldonic acids. Evidence has been presented which sug- 
gests that a single enzyme may be responsible for most of these 
oxidations. The enzyme appears to have the properties of a 


flavoprotein aerodehydrogenase, oxidizing sugars with simultane- 
ous formation of hydrogen peroxide. 

p-glucuronic acid and p-galacturonic acid act as competitive 
inhibitors for the oxidative reaction. 
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The enzyme appears to exist in the orange fruit only during, 


and fora short time after, the cell division phase of growth. Tests 
of young fruits of thirteen other Citrus species have shown a simi- 
lar enzyme to be present in eight of them as well as in another 
relative, Poncirus trifolia. 
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The mammary gland of the rat undergoes profound metabolic 
changes after parturition. The rate of oxygen uptake, the 
respiratory quotient (1), and the activity of the phosphogluconic 
acid oxidative pathway increase markedly (2, 3). These altera- 
tions disappear within 1 or 2 days after the suckling young are 
weaned. ‘The hormonal ‘environment’ also changes at these 
times. After parturition, the source of placental hormones is 
lost, there is probably a release of prolactin from the pituitary 
(4), and there is a release of oxytocin in response to suckling (5). 
The hormonal changes after weaning are not as well documented, 
but there is certainly less reflex stimulation for the release of 
oxytocin. 

Consideration of the changes in oxytocin release which parallel 
the changes in mammary metabolism occasioned the investiga- 
tion reported here, in which an effect of oxytocin, vasopressin, 
and acetylcholine on glucose oxidation has been demonstrated 
in rat mammary gland slices. 


EXPERIMENTAL PROCEDURE 


Methods 


Lactating rats of the Sprague-Dawley strain were separated 
from their young after 3 to 17 days of suckling. Twelve hours 
later, the adult females were killed by decapitation, the mammary 
tissue excised, and slices made with a Stadie-Riggs microtome. 
Where indicated, a similar procedure was performed on pregnant 
rats, pregnant or lactating albino rabbits, or lactating mice of 
the DBA/2 strain. 

Slices of the tissue were weighed, incubated in flasks containing 
center-wells, and capped with rubber “vaccine” stoppers. The 
incubation medium was Krebs-Ringer-bicarbonate buffer. The 
gas phase was 95% oxygen-5% carbon dioxide, and the incuba- 
tions were carried out in a metabolic shaker at 37°. Each flask 
contained 0.1 ye of radioactive glucose, with varying concen- 
trations of carrier glucose. Hormones were added from aqueous 
stock solutions. 

Incubations were terminated by injecting 6 N sulfuric acid to 
a final concentration of 0.6 N. CO: was collected in hyamine 
base (6) introduced into the center-wells, and radioactivity was 
determined with a liquid scintillation spectrometer using di- 
phenyloxazole as the phosphor. 

Glucose-1-C“ and glucose-6-C“ were obtained from Volk 


* Present address, Department of Medicine, Barnes Hospital, 


t. Louis, Missouri. 


Radio-Chemical Company. Three preparations of oxytocin 
were studied: the partially purified bovine hormone, Pitocin 
(Parke, Davis and Company); the purified synthetic oxytocin, 
Syntocinon (Sandoz Chemical Works, Inc.'); and crystalline 
synthetic oxytocin, the generous gift of Dr. Vincent Du Vigneaud. 
The three preparations were found to be of equal potency under 
the conditions of these experiments. Two preparations of 
synthetic lysine vasopressin were studied, one made by Sandoz 
Chemical Works, Inc.,! the other the gift of Dr. Du Vigneaud, 
and they exerted equal effects in parallel experiments. The 
insulin preparation used was crystalline bovine zine insulin 
supplied by Eli Lilly and Company.? Acetylcholine chloride 
was obtained from Nutritional Biochemicals Corporations. 


RESULTS 


Effect of Individual Hormones on Glucose Oxidation—Oxytocin 
increased the oxidation of glucose-1-C™ and glucose-6-C™ to 
CO. in mammary gland slices from lactating rats. The maxi- 
mal effect was obtained at an oxytocin concentration between 
10-° m and 10-* M, the saturating concentration varying from 
animal to animal. The mean effect on glucose-1-C™, at a hor- 
mone concentration of 10-§ mM was 49% (twelve experiments), 
with a range from 8% to 91%, and the mean effect on glucose-6- 
C' was 18% (seven experiments), with a range from 12% to 
24%. 

Vasopressin and acetylcholine also increased the oxidation of 
glucose-1-C' and glucose-6-C™. Vasopressin, at 5 xX 10-7 M, 
produced a mean stimulation of glucose-1-C" oxidation of 39% 
(eight experiments), with a range from 20% to 65%. Acetyl- 
choline, at a concentration of 10-5 m, exerted a mean effect on 
glucose-1-C™ of 60% (five experiments), with a range from 26% 
to 92%, and a mean effect on glucose-6-C™ of 35% (two experi- 
ments, 19% and 52%). Insulin, at a concentration of 10-5 m, 
elicited a mean stimulation of 75° in glucose-1-C™ oxidation 
(nine experiments), with a range from 23% to 182%. 

A 20% effect on glucose-1-C™ oxidation was detected at an 
oxytocin concentration as low as 10-° m (0.001 ug per ml, or 0.5 
milliunits per ml). At that concentration, the presence of 3.0 
xX 10- moles of hormone resulted in an increase of 3.6 K 10-8 
moles of glucose oxidized to CO». The lowest insulin or acetyl- 
choline concentration at which a 20% effect was observed was 


1 Obtained through the courtesy of Dr. Rudolph Bircher. 
2 Obtained through the courtesy of Dr. W. R. Kirtley. 
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10-5 m (equivalent to 0.0018 ug per ml of acetylcholine chloride, 
and 1.5 milliunits per ml of insulin). 

When oxidation of the two labeled substrates was compared 
in parallel experiments, the absolute increment in glucose-1-C™ 
oxidation caused by oxytocin, vasopressin, or acetylcholine was 
consistently greater than that of glucose-6-C™, but no reproducible 
ratio was observed. In several experiments, with oxytocin or 
vasopressin, the ©; stimulationof glucose-6-C" oxidation exceeded 
that of glucose-1-C'™ oxidation. 

Effect of Hormone Combinations on Glucose Oxidation—In 
order to investigate possible differences in the mechanism of 
action of the hormones, experiments were performed with them 
in various combinations. Parallel dose-response curves were 
determined for the individual hormones to ascertain whether one 
of the hormones in the combination experiment was present at a 
saturating concentration. Several typical experiments, with the 
use of mammary gland tissue from animals in late lactation, are 
listed in Table I. Oxytocin and insulin had effects on the oxida- 


TaBLeE I[ 


Effects of combinations of hormones on glucose-1-C'4 
oxidation in rat mammary gland slices 

Approximately 100 mg of tissue were incubated for one hour in 
3.0 ml of Krebs-Ringer-bicarbonate buffer in 25-ml flasks, with 
10.8 mg of glucose and 0.1 we of C'*-labeled glucose (specific ac- 
tivity, 2 to 6 we per mg). C'4Q. was collected and radioactivity 
determined as described under ‘‘Methods.’’ One-tenth micro- 
curie is equivalent to 10° ¢.p.m. under the conditions used. Each 
value* in the table is the mean of triplicate determinations, cal- 
culated on the basis of 100 mg of tissue. 


= £35 | Effect on C'*O2 production of Effect on CO; production of 
E & 3 a hormones used individually hormones used in combination 
Hormone Effect | Hormone combination Effect 
% 
1 | 394 Oxytocin, 10-7 +41 Oxytocin, 10-7 M “+115 
Oxytocin, 2 X +48 5 X | 
Insulin,5 X +54 | 
| 
2 331  Oxytocin,2 +23) Oxytocin, 2 K 1077 |) +24 
| Oxytocin, 4 X 10-7 +28 plus vasopres- 
| Vasopressin,2 X +31 sin,2 X 
3 810 | Oxytocin, M +87 Oxytocin, m +90 
| Oxytocin, 3 X 10-6 494 plus acetylcho- 
Acetylcholine, =+41 line, 107° 
| 389 | Insulin, | +63 Insulin, 10-*m plus +93 
| | | 
521 Insulin, +38 Insulin, plus | +76 
| Insulin, 5 X +32 vasopressin, 107° | 
| Vasopressin, +65) M | 
| | 
6 | 568 Insulin, 107-5 +33 Insulin, 10~-5m plus +122 


Insulin, 2 10-5 
Acetylcholine, 10-4m 


+28 
| +28 


acetylcholine, 
10-4 M 


* Whereas the magnitude of the hormone effects varied from 
animal to animal as indicated in the text, the variation of any 
one determination about the mean of the replicates was less than 
10%. 


Metabolic Effects of Oxytocin, 


Vol. 236, No. 5 


Vasopressin, and Acetylcholine 


TABLE II 
Hormonal stimulation of glucose-1-C'* oxidation in rat 
mammary gland slices and effect of glucose concentration 
Procedure as described in legend to Table I, but varying 
amounts of nonisotopic glucose were added to incubation flasks. 
The specific activity of glucose-1-C' ranged between 4.0 and 7.0 
uc per mg. 


| | | Effect of on 
E | Glucose | Base-line of 
\concentra- radioactivity | | idined 
tion  inC to C4O2* Oxytocin | Acetyl. 
| (10-8 aa) sin 
| | | (10-6 (10-4) 
| mM | c.p.m. | pmoles % 
| 5 | 1269 | 0.19 | +45 
20 327 | 0.20 +69 
| 
| | 
| 20 | 406 | 0.25 | +20 | +38 8 


* (0.1 ue is equivalent to 105 ¢.p.m. under the conditions used. 


tion of glucose-1-C which were additive, 7.e. the addition of 
oxytocin to a saturating concentration of insulin caused a further 
increase in the yield of C™Qs, and vice versa. Similarly, the 
effects of vasopressin and acetylcholine were additive to that of 
insulin. However, neither vasopressin nor acetylcholine in- 
creased the stimulatory effect of oxytocin. In some experiments 
the effect of the combination of hormones exceeded the arith- 
metic sum of the individual effects, 7.e. there was an apparent 
synergism of insulin with the other hormones. 

Glucose Concentration and Hormone Effects—Table II presents 
the results of experiments in which the effects of oxytocin, vaso- 
pressin, and acetylcholine on glucose-1-C™ oxidation were 
determined in media containing various concentrations of glu- 
cose. It can be see that the base-line oxidation was elevated by 
increasing concentrations of glucose. Furthermore, the % 
stimulation of oxidation as a result of hormone action was greater 
at the higher concentrations of glucose. 

Oxytocin Effects in Other Species—Oxytocin increased oxidation 
of glucose-1-C' in mammary slices from pregnant ratsand rabbits, 
and from lactating rabbits and mice. There were no significant 
differences in the magnitude of the oxytocin effect in these 
species, or in the slices from rats at various stages of pregnancy 
and lactation ranging from 2 days before parturition to the 17th 
day of lactation. Oxytocin exerted no detectable effect on the 
oxidation of glucose-1-C'™ to CQO, in slices from rat liver. 


DISCUSSION 


Oxytocin is known as the “milk let-down factor” or “milk 
ejection factor’’ because of its stimulatory effect on the contractile 
cells which surround milk-secreting alveoli. Several workers 
have also noted increased milk yields and other beneficial effects 
of injected oxytocin in lactating animals (7). These effects have 
been attributed to more efficient emptying of milk ducts or 
release of anterior pituitary hormones by circulating oxytocin, 
or both. The results reported here suggest that part of the 
physiological effect of oxytocin on the mammary gland may 
relate to a direct stimulation of metabolism in secreting cells. 
It is unlikely that the observed effects on glucose metabolism in 
mammary slices are the result of stimulation of contractile cells 
or adipose tissue alone. The contractile cells constitute a small 
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fraction of the total cellular mass of mammary tissue. Adipose 
tissue is prominent in mammary glands early in lactation, but 
is almost entirely replaced by secretory tissue in late lactation.’ 
Since oxytocin exerted comparable effects on mammary slices at 
both stages of lactation, it is likely that oxytocin stimulates glu- 
cose oxidation by the secretory epithelium; whether a comparable 
effect is exerted on other cellular elements is not known. 

The minimal effective concentration of oxytocin in these 
experiments, 10~° M, is of the same order of magnitude as the 
estimated concentration of oxytocin in human blood (8), and 
90 times higher than the smallest concentration detected by the 
rat-uterus bioassay (9). 

In the experiments reported here, the hormone effects were 
“catalytic,” the molar increments in glucose-1-C™ and glu- 
cose-6-C'4 oxidation far exceeded the quantities of oxytocin, 
vasopressin, acetylcholine, or insulin which elicited them. 

With the use of a rabbit bioassay, Cross and Van Dyke (10) 
showed that vasopressin exerted a milk-ejecting activity one- 
sixth that of oxytocin. The results of our experiments show that 
vasopressin is also similar to oxytocin in its stimulation of glucose 
oxidation in mammary slices. 

Acetylcholine, like oxytocin and vasopressin, stimulates con- 
tractile cells in the appropriate target organs. Thus, acetyl- 
choline stimulates uterine contraction in vitro (9), and exerts 
milk-ejecting activity (11). From the results reported here, it 
can be concluded that acetylcholine has the further property of 
stimulating glucose metabolism in rat mammary slices. Acetyl- 
choline has been found to stimulate the metabolism of other 
secretory tissues in vitro. Eggman and Hokin (12) have shown 
that it increases the incorporation of P® into phosphatides in 
slices from pancreas, salivary glands, pigeon esophageal mucosa, 
and adenohypophysis. Pastan et al. (13) have observed a 
stimulation of glucose metabolism by acetylcholine in slices from 
thyroid, brain, pancreas, and liver. 

The present observations on the stimulation by insulin of 
glucose-1-C oxidation in mammary slices confirm those of 
Abraham, Cady, and Chaikoff (14) and McLean (15). 

The ability of a hormone further to stimulate glucose oxidation 
in the presence of a saturating concentration of a second hormone 
is considered to be evidence that the two hormones act by dif- 
ferent mechanisms. On this basis the mechanisms of action of 
oxytocin, vasopressin, and acetylcholine are different from that 
of insulin in rat mammary slices. 

High concentrations of glucose increase the base-line rate of 


*This observation was reported to us by Dr. James B. Field, 
and was confirmed by histological examination of the tissue used 
in these experiments. 
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oxidation of glucose-1-C™. This confirms the results of McLean 
(15), and is analogous to the findings of Jeanrenaud and Renold 
(16) who used rat epididymal fat pads. In addition, we have 
shown that the effects of oxytocin, vasopressin, and acetyl- 
choline are enhanced by high glucose concentrations. In other 
words, a high concentration of glucose acts in synergism with 
these hormones to increase glucose oxidation. 

It would appear that, with increasing availability of glucose as 
substrate, the hormones are capable of eliciting greater stimula- 
tion of the oxidation of this substrate. Experiments designed 
to delineate the nature of such hormonal action are in progress. 


SUMMARY 


1. Oxytocin, vasopressin, and acetylcholine increase the oxi- 
dation of glucose-1-C“ and glucose-6-C" in mammary gland 
slices from lactating rats which have been separated from their 
young. Insulin has a similar effect on glucose-1-C™ metabolism. 

2. The effects of oxytocin, vasopressin, and acetylcholine on 
glucose oxidation are observed in the presence of saturating 
concentrations of insulin. 

3. The effects of oxytocin, vasopressin, and acetylcholine are 
enhanced by increasing glucose concentration. 
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Much of the experimental work upon the state of glycogen in 

animal tissues has been interpreted as showing that glycogen 
exists in tissues in two forms. Early workers (1-4) found that 
extraction of animal tissues with water or cold trichloroacetic 
acid solution yielded less glycogen than was obtained by boiling 
the tissue in an alkaline solution. Various names were used to 
designate the two fractions. ‘Easily extractable,” ‘‘free,” 
“lyo-,” and “trichloroacetic acid-extractable” are terms that 
have been used for the glycogen fraction extracted with water 
or cold trichloroacetic acid solution; and ‘“‘difficultly extractable,”’ 
“fixed,” “bound,” ‘desmo-,” and “residual” are designations 
that have been used for the form that required alkaline digestion 
to extract it from the tissues. Many workers assumed that the 
difficultly extractable glycogen was bound to protein, but Pfliiger 
(5) and Meyer (6) found no basis for the assumption of such a 
binding. 
, Bloom et al. (7) found that in resting, normal, fed rats, the 
' glycogen of the liver extractable with trichloroacetic acid solution 
comprises 85% of the total glycogen obtained by boiling with 
30% KOH solution. The same extraction of the livers of these 
animals, after they had been fasted for 24 hours, yielded only 
7.9% of that obtained by alkaline digestion. These authors 
found that in the muscle of normal rats the trichloroacetic acid- 
extractable glycogen was 55% of that obtained by alkaline diges- 
tion; and 4 hours after subcutaneous epinephrine injection this 
fraction was 16.4% of the amount obtained by alkaline digestion. 
Other workers have observed a shifting in the distribution of 
glycogen between the two fractions as a result of fasting (4, 8— 
10), epinephrine injection (8, 11-14), insulin administration (12, 
14, 15), thyroxin injection (16), adrenalectomy (9), hypophysec- 
tomy (9), and muscle work (17). 

In our laboratory it was found that extraction of heart muscle 
by thorough grinding with 5% trichloroacetic acid solution 
(Servall Omnimixer once, and the Potter-Elvehjem apparatus 
three times) yielded an average of 57% of the total glycogen 
(18). Alkaline digestion of the residue after the four homoge- 
nizations with trichloroacetic acid solution, followed by alcoholic 
precipitation, yielded an additional 43% of glycogen. The latter 
was shown to be an essentially pure product by analysis with 
anthrone reagent and, after hydrolysis, by copper reduction and 
glucose oxidase techniques (18). . 

By grinding the tissue in cold trichloroacetic acid solution and 
then boiling the homogenate for 15 minutes, Kemp, Kits, and 


* This investigation was supported in part by a research grant 
(A-2802) from the Division of Research Grants, National Insti- 
tutes of Health, United States Public Health Service. 


Van Heijningen (19) found glycogen values as high as were ob. 
tained by boiling with 30% KOH solution. These authors 
assumed, however, that glycogen exists in tissues in two forms 
because cold trichloroacetic acid solution would not extract al] 
of the compound. 

Carroll, Longley, and Roe (20) found that repeated homoge. 
nization with 5% trichloroacetic acid solution increased the re- 
covery of glycogen from liver and muscle. 
improved recoveries from repeated homogenizations, these av- 
thors suggested that the distinction between “‘free’”’ and “fixed” 
glycogen may be simply the result of inadequate homogenization, 
With the apparatus then available, however, these authors were 
never able to effect complete removal of glycogen from tissues 
by extraction with trichloroacetic acid solution. 

Recently, we have employed homogenizing apparatus with 
sufficient grinding power to permit removal of all the glycogen 
from the tissues with cold trichloroacetic acid solution. The 
tissue residues, after the vigorous homogenization now employed, 
do not yield appreciable glycogen after being boiled with 30% 
KOH solution. 


and bound glycogen, based upon nonextractability with cold 


trichloroacetic acid solution, is no longer tenable. 
EXPERIMENTAL PROCEDURE 


1. Determination of Glycogen in Trichloroacetic Acid Extract 


Rats of both sexes, fed on standard chow, were used. The 
animals were anesthetized with vinyl ether and the tissues for 
analysis were removed within 1 to 2 minutes after beginning 
surgery. Tissues were ground under 10% trichloroacetic acid 
solution in a VirTis homogenizer,! at speeds of 36,000 to 45,00 
r.p.m., with and without glass homogenizing beads, for periods 
of 5 minutes. The homogenizing flask was placed in an ice- 
water bath, and the temperature of the contents was maintained 
below 15° during the treatment. After the initial homogeniza- 


tion, the mixture was centrifuged, the fluid was decanted, and 
the procedure was repeated upon the residue once or three times. _ 
The supernatant fluids from each homogenization were pooled — 
and made up to volume. Aliquots of this solution were pipetted ; 


into centrifuge tubes, 5 volumes of ethyl alcohol were added, 
and the mixture was allowed to stand overnight to precipitate 
the glycogen. The tubes were then centrifuged, the fluid was 
decanted and drained, and the glycogen was determined by the 
anthrone method of Carroll, Longley, and Roe (20). 


1 Macro model 45, 250-ml flask, The VirTis Company, Gardiner, 
New York. 
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2. Determination of Glycogen by Alkaline 
Digestion of Tissue Residue 


The tissue residue after the final homogenization under tri- 
chloroacetic acid solution was transferred to a flask, 30% KOH 
solution was added, and the mixture was boiled for 2 hours. The 
alkaline solution was made up to volume, aliquots were pipetted 
into centrifuge tubes, and 1.2 volumes of ethyl alcohol were 
added. After standing overnight the tubes were centrifuged, 
and the fluid was decanted and drained. The insoluble precipi- 
tate in the tubes contained a dark material which would have 
interfered in the anthrone method, and it was necessary to repre- 
cipitate the glycogen. To each centrifuge tube was added a 
measured volume of 10% trichloroacetic acid solution and the 
precipitate was thoroughly dispersed with a mechanical agitator. 
This step dissolved the glycogen but not the protein-like, pig- 
mented material remaining after alkaline digestion of tissues. 
The tubes were centrifuged, aliquots of the supernatant were 
removed to other centrifuge tubes, and 5 volumes of ethyl alcohol 
were added to each measured aliquot. After standing overnight 
the tubes were centrifuged, the fluid was decanted and drained, 
and the glycogen was determined by the anthrone method (20). 


RESULTS 


The results of these studies are summarized in Table I. The 
data of primary interest appear in the column headed ‘Residue 
boiled with KOH.” 

In this table previous work is cited in which rat liver and heart 
were homogenized under trichloroacetic acid solution with a 
grinder having a speed of 14,000 r.p.m. and the residue was boiled 
with 30% KOH solution. The glycogen was determined in the 
trichloroacetic acid and the KOH extracts. The results show 
inability to remove all the glycogen from liver and heart by ex- 
traction with cold trichloroacetic acid solution when homogeniz- 
ing apparatus with speeds up to 14,000 r.p.m. is used. 

When homogenizing apparatus with a maximal speed of 45,000 
r.p.m. was used in conjunction with glass homogenizing beads, 
strikingly different results were obtained. With four homoge- 
nizations under trichloroacetic acid solution and the inclusion of 
homogenizing beads, essentially all the glycogen was transferred 
from the tissues to the extracting fluid. Negligible amounts of 
glycogen were found in the KOH extract of the tissue after it 
had been extracted with trichloroacetic acid solution. When 
the number of homogenizations with the high speed grinder 
under trichloroacetic acid solution was reduced to two and 
homogenizing beads were not used, the values in the analysis of 
the residue boiled with KOH, in mg per 100 g, were 110 and 112 
for heart, 182 and 57 for liver, and 127 for gastrocnemius muscle. 
When two homogenizations under trichloroacetic acid solution 
were carried out with the inclusion of homogenizing beads, the 
values found in the alkaline solution obtained by boiling the 
residue with KOH solution, in mg per 100 g, were 2 and 7 for 
heart, 5 and 14 for liver, and 8 for gastrocnemius muscle. 

The values obtained from the tissue residues boiled with KOH 
solution are not considered to represent a significant quantity of 
glycogen. They are very small in comparison with the values 
obtained by the same procedure without the use of beads, and 
it is known that in alkaline digests of animal tissues there are 
anthrone-sensitive, nonglycogen substances (20). 


J. H. Roe, J. M. Bailey, R. R. Gray, and J. N. Robinson 
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TABLE I 
Study of methods of extraction of glycogen from tissues 


| | Homogenizations Glycogen content 
Tissue Alimentation Extraction 
No, | Maximal peags with tri- |, 
r.p.m. mg/100 g 

Liver* Fed 5 14,000 | — 3844 142 
Liver* Fed 5 14,000 os 841 164 
Liver* Fasted 5 14,000 - 93 112 
Heartf Fed 4 14,000 | — 172 141 
Heartt Fasted 4 14,000 = 207 182 
Heart Fasted 4 45 ,000 co 175 0 
Heart Fasted 2 45,000; + 154 2 
Heart Fasted 2 45,000 = 130 110 
Heart Fasted 2 45,000 | + 291 7 
Heart Fasted 2 45 ,000 — 240 112 
Liver Fed 4 45,000 | + 4052 10 
Liver Fasted 4 45,000 |; + 654 8 
Liver Fed 2 | 45,000; + 4902 5 
Liver Fed 2 45,000 | — 4913 182 
Liver Fasted 2 | 45,000) + 201 14 
Liver Fasted 2 45,000 — 56 57 
Musclet Fed 2 45,000; + 501 8 
Muscle Fed 2 45,000 — 483 127 


* From the data of Carroll, Longley, and Roe (20). 

t One extraction in Servall grinder at 14,000 r.p.m., three ex- 
tractions with Potter-Elvehjem apparatus. 

Gastrocnemius. 


DISCUSSION 


The results in Table I show clearly that all the glycogen in 
animal tissues can be extracted with cold trichloroacetic acid 
solution when the homogenization is adequate. The crucial ex- 
periments in this table are those in which two homogenizations 
with the high speed grinder were carried out, with and without 
homogenizing beads. In the experiments without beads, two 
homogenizations with the VirTis grinder did not remove all the 
glycogen. With beads in the homogenate, essentially all the 
glycogen was transferred to the trichloroacetic acid solution by 
the same number of homogenizations at the same speed. Failure 
to recover all the glycogen from tissues by trichloroacetic acid 
extraction, in these and other experiments that we have reported 
(20), is thus shown to be due to inadequate homogenization. 

Our experiments suggest that the so called “bound” glycogen 
is not held in the tissues by a chemical binding but rather by 
physical entrapment. Incomplete recovery of glycogen from 
tissues by extraction with cold trichloroacetic acid solution ap- 
pears to have been due to a failure to effect complete dispersion 
of the tissues. 

That glycogen does exist in the tissues bound to protein to 
some extent must be accepted as true. Accepted theory of en- 
zyme action postulates that some glycogen in tissues is bound to 
phosphorylase; and the Michaelis, A,,, values (21, 22) reported 
for glycogen-phosphorylase association support this assumption. 
Nonenzymatic association of glycogen with proteins also prob- 
ably occurs (23). However, there is no evidence that there is a 
bond between glycogen and proteins which is resistant to cold 
trichloroacetic acid. The results in Table I show that such a 
bond does not exist. 
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SUMMARY 


1. Glycogen in liver, heart, and skeletal muscle has been ex- 
tracted completely with cold trichloroacetic acid solution by 
making use of a high speed homogenizer and homogenizing beads. 

2. Data have been obtained which suggest that failure to re- 
cover all glycogen from tissues with cold trichloroacetic acid 
solution has been due to inadequate homogenization. 

3. It appears from the results reported that glycogen is not 
“bound” in the tissues in the sense of being held by a bond that 
is not broken by cold trichloroacetic acid solution. 

4. The data of this report suggest that the distinctions and 
interpretations in the literature concerning “free” and “bound”’ 
glycogen in tissues are no longer tenable. 
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Glucose Production by Isolated Rat Liver Cells 
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The ability of the liver to release glucose into the extracellular 
medium is well known. This phenomenon has been demon- 
strated in the intact animal (1-3), in the isolated perfused liver 
(4,5), and in liver slices (6, 7). 

The classic studies on phosphorylase (8-10), phosphoglucomu- 
tase (10-12), the specific glucose 6-phosphatase (13, 14), and 
the discovery of uridine diphosphate-glucose-glycogen transglu- 
esylase (15) provide an enzymatic basis for the formation by 
liver tissue of glucose from intracellular glycogen. The demon- 
stration (16, 18) of the effects of the hyperglycemic hormones 
glucagon and epinephrine on liver phosphorylase provides a 
convincing argument for a prominent, if not a sole role of the 
phosphorylase pathway in glucose production by liver tissue. 

Recent experiments from this laboratory (19) have shown 
that isolated rat liver cells produce glucose when incubated in a 
suitable medium. Although this system is apparently indiffer- 
ent to many externally added substrates, cofactors, and hor- 
mones, accumulation of glucose is markedly enhanced by addition 
of various dialyzed sera. The present report is concerned with 
the description of this phenomenon at the enzymatic level. In 
addition to the phosphorylase system, the liver cells contain an 
active a-amylase together with relatively low levels of oligoglu- 
cosidase (maltase). Under the conditions of these experiments, 
the liver cells produce predominantly oligoglucosides rather than 
glucose. The dialyzed serum contains an active oligoglucosidase 
(maltase) which facilitates the conversion of the oligoglucosides 


toglucose. 


The subsequent papers (20, 21) are concerned with the de- 
scription of the properties of the liver amylase, and with the 
evaluation of the role of the amylase pathway in glucose pro- 
duction by liver tissue. 


EXPERIMENTAL PROCEDURE 


Materials—Maltotriose, maltotetraose, and amylose were 
generously donated by Dr. R. L. Whistler. Glucose oxidase 
(rude) and horseradish peroxidase were procured from the 
Sigma Chemical Company. Crystalline glucagon and glucagon- 
free zinc insulin were kindly provided by Dr. O. K. Behrens of 
Ei Lilly and Company. Hydrocortisone was obtained through 
the courtesy of Dr. Karl Folkers of Merck and Company, Inc. 
Aldosterone was generously donated by Dr. A. Wettstein of Ciba 


*This investigation was supported in part by Grant C-3765 
fom the National Institutes of Health, United States Public 
Health Service. The data are taken from a dissertation submitted 
by Ronald W. Brosemer to the Graduate College of the University 
of Illinois in partial fulfillment of the requirements for the degree 
of Doctor of Philosophy, February 1960. 


Pharmaceutical Products, Inc. Bovine growth hormone (Somar, 
Armour) was a gift of the Endocrinology Study Section of the 
National Institutes of Health, United States Public Health 
Service. 

Dialyzed horse serum was prepared by dialysis against 5 vol- 
umes of 0.9% NaCl for 3 to 4 hours, then against 5 volumes of 
phosphate-buffered NaCl (22) for 5 hours, and finally against 10 
volumes of the latter solution for 10 hours. 

Medium 2 is the balanced salts medium of Krebs (23), except 
that glucose is omitted. Medium 2A is Medium 2 with the 
phosphate replaced by ethylenediaminetetraacetate. 

Chemical Determinations—Glucose was determined by the 
glucose oxidase reaction coupled to the dye o-dianisidine with 
peroxidase (24). The reagent mixture contained 62.5 mg of 
crude glucose oxidase preparation, 5.0 mg of peroxidase, 1 ml of 
o-dianisidine in methanol (1 g per 100 ml), and 99 ml of 0.1 m 
acetate buffer, pH 4.3. The reagent solution 2.5 ml was pipetted 
into 2.5 ml of solution containing 0.1 to 1.0 umole of glucose, 
and after 10 minutes at room temperature, 1 drop of 4 nN HCl 
was added to stop the reaction. The optical density was meas- 
ured at 401 muy, and the level of glucose determined by com- 
parison with appropriate standards. The crude glucose oxidase 
preparation exhibited significant maltase activity; in optimal 
concentrations maltose was about 40% as active as glucose in 
this test. The response to maltose could be virtually eliminated 
by substituting 1 mg of purified glucose oxidase for the crude 
glucose oxidase and increasing the incubation period to 40 min- 
utes. Measurements of glucose in the presence of maltose were 
performed by this modification. 

Glycogen was determined by a modification of the method of 
Kemp and Kits van Heijningen (25). After an initial extraction 
of low molecular weight carbohydrates with methanol at room 
temperature, the glycogen was extracted with hot trichloroacetic 
acid and measured with the anthrone reagent (26). Total carbo- 
hydrate of cells was determined in the same manner as glycogen, 
except that the cold methanol extraction was eliminated. Lac- 
tate was measured by the modified method of Barker and 
Summerson (27), and protein by the biuret method (28). 

Chromatography—Samples for chromatography were concen- 
trated to dryness with the aid of a rotary evaporator and ex- 
tracted with dry pyridine according to Malpress and Morrison 
(29). Separation of carbohydrates was achieved by descending 
chromatography at room temperature with Whatman No. 1 
filter paper. Three solvent systems were used: (a) i-propanol- 
acetic acid-water, 3:1:1, 30 hours; (b) n-butyl alcohol-pyridine- 
HO, 6:4:3, 20 hours (30); and (c) ethyl acetate-pyridine-H,0O, 
2:1:2 (top layer), 19 hours (30). The permanganate - periodate 
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STIMULATION OF GLUCOSE 
« PRODUCTION BY HORSE SERUM 
140} 
120} 
3 
= 100+ 

80F 
oO 
60F 
/ 


PER CENT SERUM 


Fic. 1. Stimulation by horse serum of glucose production by 
isolated rat liver cells. The incubation mixture contained 0.8 
ml of rat liver cell suspension in nutrient medium (~15 mg of 
protein per ml), horse serum (0, 0.004, 0.01, 0.03, 0.06, 0.1, and 0.2 
ml of dialyzed serum, respectively), and nutrient medium to a 
total volume of 1.0 ml. Incubation was carried out in a Dubnoff 
metabolic incubator for 20 minutes at 37°. Aliquots were taken 
at zero time and at 20 minutes for analysis. The cells were re- 
moved by centrifugation and glucose was determined in an aliquot 
of the supernatant fluid. Glucose production was expressed as 
the difference between zero time and incubated samples at each 
level of serum. 


reagent of Lemieux and Bauer (31) was utilized for detection of 
glucose and oligoglucosides. By this procedure 0.5 uwmoles of 
glucose, 2 wmoles of maltose, and 5 uwmoles of maltotriose and 
maltotetraose could be detected. 

Enzyme Assays—Amylase activity was measured in homoge- 
nates after 1 minute of sonication (20) in a 10-kec Raytheon 
oscillator, by following the decrease in iodine color given by the 
starch substrate, according to a modification of the procedure 
used by Schwimmer (32). To 2.0 ml of solution containing 40 
mg of soluble starch and 0.8 mg of NaCl in 0.05 m histidine- 
chloride buffer, pH 6.5, was added an appropriate aliquot of 
enzyme diluted to 1.0 ml. After 0 and 20 minutes of incubation 
at 37°, 1.0-ml samples were removed and deproteinized with 1.0 
ml of trichloroacetic acid (10 g per 100 ml). Aliquots (0.1 ml) 
of deproteinized samples were added to 5.0 ml of 0.25 m KI + 
0.0035 m Ie, and after dilution to 15 ml with water, the optical 
density at 550 mu was measured. A standard curve using known 
starch levels was made, and the amount of starch hydrolyzed 
was expressed in terms of milligram equivalents of starch. 

In some experiments, the amylase activity was measured by 
the increase of reducing. power during hydrolysis (33). The 
enzyme activity was expressed as wmoles or reducing power 
(calibrated with glucose as standard) released per minute. Un- 
der the conditions used in these experiments, the activity of 
liver amylase, expressed in milligram equivalents of starch, ob- 
tained with the iodine color assay may be converted to umoles 
of reducing power by multiplying the former by 0.8. 

Phosphorylase activity was assayed by the method of Cori 
and Cori, adapted by Sutherland (34). Maltase (a-1 ,4-oligo- 


glucosidase) activity was measured by the rate of release of 
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glucose with maltose as substrate. The final incubation cop. 
tained 0.05 m histidine, pH 6.5, 0.001 mM maltose, and an appro. 
priate quantity of enzyme. Glucose was determined at zero 
time and after incubation for 30 minutes at 37°. 

Liver Cells—The suspensions of liver cells used in these studies 
were prepared by a method developed in this laboratory.! Rats 
weighing 80 to 100 g were killed by decapitation and the livers 
immediately perfused with 30 to 50 ml of either ice-cold 0.24 y 
sucrose + 0.0135 m citrate (pH 5.0) or ice-cold nutrient medium 
(35) devoid of Ca++ and glucose, pH 5.0 with 1 g of bovine serum 
albumin added per 100 ml of medium. The livers were imme. 
diately suspended in cold balanced salts medium (22), pH 7.2. 
all further operations were performed near 0°. After removal 
of connective tissue, the liver was chopped with scissors and 
then with a battery of 10 razor blades held in a suitably designed 
holder. The resulting suspension was passed with the gentle 
action of a silicone stopper through four successive stainless stee] 
screens of 25, 50, 80, and 100 mesh, respectively. Special care 
was taken not to squash the cells by shearing action of the stop- 
per, but to allow the cells to flow freely through the screens. The 
cells were then centrifuged at approximately 100 xX g for 5 min- 
tes. They were resuspended and centrifuged several times 
(40 X g) with Medium 2, until contaminating red cells and debris 
were virtually eliminated. The cells were finally suspended in 
Krebs Medium 2 or 2A (to a concentration of about 10 to 15 
mg of protein per ml). Generally there was little clumping or 
debris in the final suspension. The cells were relatively large 
polygonal, parenchymal-type cells. The yield of cells was 10 
to 30% of the total liver. 

Liver Slices—Slices from perfused livers of 150-g rats were 
prepared by the method of Renold et al. (7) and suspended in 
the high Kt salts medium (minus glucose) described in the same 
report. 


RESULTS 


Glucose Production by Liver Cells—Freshly prepared rat liver 
cells produce glucose on incubation in a balanced salts solution. 
The addition of a variety of substrates (fructose, lactate, malate, 
glutamate, acetate, octanoate, palmitate, oleate, linoleate), vita- 
mins and cofactors did not markedly affect the rate of glucose 
accumulation. Moreover, in this system the following hormones, 
at the concentrations noted, were without appreciable effect: 
glucagon (0.1 to 10 ug per ml), epinephrine (10-4 to 107 m), 
insulin (0.2 wg per ml), hydrocortisone (10-5 to 10-® m), aldoster- 
one (10-4 to 10-8 m), growth hormone (0.1 to 10 ug per m)). 
The addition of dialyzed horse serum to the incubation medium, 
however, augmented glucose production by the liver cells mark- 
edly. As shown in Fig. 1, in the absence of serum, glucose 
accumulated at a rate of ~20 umoles per g of protein per hour. 
There was a graded increase as a function of added serum until 
a maximal rate of about 140 uwmoles per g of protein per hour was 
obtained. This rate compares with about 200 umoles of glucose 
per g of protein per hour reported with a liver slice system (36). 
In other liver cell preparations, the endogenous rate varied from 
15 to 50 wmoles per g of protein per hour, and the stimulation 
varied from 3- to 10-fold. 

It is also evident from Fig. 1 that a linear response was 4p 
proached at low levels of dialyzed horse serum. Even though 
the absolute values of glucose production varied somewhat 1 
different liver cell preparations, the increment in the rate was 


1W. J. Rutter and M. Eib, unpublished results. 
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GLYCOGEN UTILIZATION AND 
Effect of horse serum on glucose production by sonically GLUCOSE PRODUCTION BY 
treated liver cell preparations ISOLATED LIVER CELLS 
Incubation mixture: 0.8 ml of sonicated liver cell preparation 4 
(~100% cell breakage by microscopic examination) in Medium pe! 
9A (~10 mg of protein per ml), 0.1 ml of dialyzed horse serum a? 
(when added), 0.1 ml of 1% glycogen added to sonic extracts from q 
rabbit and pig liver, total volume adjusted to 1.0 mf with Medium = / 
94. Incubation temperature, 37°. 
& 20+ 
| Glucose production 8 z ‘ 
Source of liver cells Horse serum | 3 1 
| \ NO PREINCUBATION 
| moles otein = '.0 4 WITHOUT FRACT 1 y 
| /8& pr 4 \ 
Rat | 48 105 
| 232 458 
Rabbit | 17 33 
4 51 104 ° iS 30 45 60 75 
Pig MINUTES INCUBATION 
be Fig. 2. Effect of horse serum on glucose production and glyco- 
gen depletion in isolated rat liver cells. In the experiments with 
Tewem IT no preincubation (broken lines), the incubation mixture contained 


Glucose production by sonic extracts of liver cells from fasted rats 


Liver cells were prepared from rats fasted for 18 hours. Incu- 
bation mixture: 0.8 ml of liver cell extract in Medium 2A (when 
added), 0.1 ml of dialyzed horse serum (when added), 0.1 ml of 
glycogen, 10 mg per ml, in Medium 2A (when added), total volume 
adjusted to 1.0 ml with Medium 2A. Incubation temperature, 
37°. 


Experimental conditions Glucose production 


Sonic extract Horse serum Glycogen 30 min 60 min 


umoles/g protein 


+ 0 0 
+ + -- 0 0 
+ - + 21 69 
- + + 5 14 
+ + + 317 712 


suficiently proportional to serum concentration to allow a con- 
venient assay for “glucogenic factor” activity with this system. 
The “glucogenic” activity of serum also was manifest with 


 li-free sonic extracts of liver cell preparations; as shown in 


Table I, glucose production increased more than 4-fold when the 
snically treated rat liver cell preparation was incubated in a 
medium containing an optimal concentration of horse serum. 
Threefold stimulation was obtained with preparations obtained 
from rabbit liver cells, and considerably smaller effects of serum 
(50% increase) were obtained with pig liver cell preparations. 
In the latter instance, the liver was not perfused and serum con- 
tamination was present. 

Glucose Precursor in Liver Cells—As shown in Table II, in 
tither the absence or presence of serum, no glucose was produced 
by sonic extracts of liver cells isolated from fasted rats. The 
addition of glycogen, however, restored the phenomena previ- 
ously described. This experiment indicated that the factor in 
era Was active with glycogen as a substrate and ultimate source 
fglucose. A direct correlation between glycogen depletion and 
glucose production was, however, not observed in cells obtained 
fm fed rats. Fig. 2 shows the results of a typical balance ex- 
Priment. Both in the absence and presence of the serum factor 


0.9 ml of liver cell suspension in nutrient medium and 0.1 ml of 
either phosphate-buffered NaCl or 50 mg per ml bovine serum 
fraction V (Cohn) in phosphate-buffered NaCl. In the experi- 
ment with preincubation (solid line), 0.9 ml of liver cell prepara- 
tion was incubated for 30 minutes, then 0.1 ml of 50 mg per ml 
fraction V in phosphate-buffered NaCl was added and the zero 
time sample taken immediately. Aliquots for glucose and glyco- 
gen determination were taken at the periods indicated. Incuba- 
tion temperature, 37°. 


there was a substantial decrease in the glucogen level; the some- 
what exaggerated glycogen disappearance in the presence of 
serum was not observed in all experiments. In no case could 
this increment account for the increase in glucose accumulation. 
Moreover, if the glycogen level in the cells was lowered by pre- 
incubation (the solid lines in Fig. 2), then addition of serum re- 
sulted in at least 4 times more glucose during the course of the 
experiment than the apparent initial glycogen content. Gly- 
cogen, therefore, was not the sole source of glucose in this system. 

Since the total carbohydrate as measured by the anthrone 
reaction remained essentially constant during the incubation, it 
was likely that the glucose precursor was carbohydrate. The 
appropriate analysis indicated the presence of a considerable 
quantity of cold methanol-soluble (nonglucose) carbohydrate 
which was apparently a prominent precursor of glucose in this 
system. The possibility that maltose or similar glucosides were 
present in the latter fraction was strengthened by the observa- 
tions presented in Table III that added maltose caused the glu- 
cose production by sonicated rat liver cell preparations, especially 
in the presence of horse serum. 

Identification of Serum Factor as Maltase—The serum factor 
was shown to be nondialyzable and heat-labile (100% inactiva- 
tion by 5-minute treatment at 100°). Moreover, the system 
exhibited kinetics similar to that expected for an enzyme, viz. 
at low concentrations of serum the increase in glucose production 
was directly proportional to serum concentration (see Fig. 1). 
These facts, together with the observed effect of maltose in this 
system, suggested that the serum factor was maltase. A com- 
parison of the maltase level and glucogenic factor activity was 
therefore made in various sera, in an ammonium sulfate fraction 
of rat serum, and in the highly purified horse serum maltase 
preparation of Lieberman and Eto (37). The horse serum mal- 
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TaBLeE III 
Effect of maltose on glucose production by sonic 
extracts of rat liver cells 
Incubation conditions are as described in Table I, except that 
10 umoles of maltose were added to the tubes indicated. 


Incubation conditions Glucose production 


Maltose 


Horse serum 30 min 60 min 
umoles/g protein 
48 105 
+ ~ 93 209 
+ 232 458 
+ | 


TABLE IV 


Correlation of maltase activity and ‘‘glucogenic”’ 
activity of various sera 

The following experimental conditions applied to the determi- 
nation of glucogenic activity : 0.8 ml of sonicated liver cell prepara- 
tion in Medium 2A (15 mg of protein per ml), 0.1 ml of glycogen, 
10 mg per ml, 0.1 ml of Medium 2A containing an appropriate 
dilution of sera or purified maltase. In a 30-minute incubation 
period the increase in glucose production over a control sample 
was determined. Maltase activity was estimated as described 
under ‘‘Experimental procedure.’’ 


Glycogenic activity 
Maltase activity 


Maltase 


Glycogenic Ita 
activity 


activity 


Source 


pmoles glucose jormed/ 
min/2 protein 


Purified horse serum mal- 


Pork serum.............. 27 
Horse serum............. 3.2 ue 2.4 
| 1.6 4.8 | 3.7 
| 0.7 2.8 | + 
Fetal calf serum......... | 0.06 0.10 
........... | 0 0 | 
Human serum............ 0 


tase was purified some 1000-fold over serum. Table IV shows 
that a satisfactory correlation exists between glucogenic activity 
and maltase activity. These observations together with the an- 
cillary evidence presented indicate that the serum factor is iden- 
tical with serum maltase. It is also evident that other hydrolyz- 
ing enzymes such as serum amylase play a relatively minor role 
in the present system, since the activities of the latter enzyme 
and maltase do not exist in a fixed ratio in the various sera. 
Nonglycogen Glucose Precursor—The identification of the serum 
factor as maltase and the stimulatory effect of maltose in the 
present system (shown in Table III) suggested that maltose was 
at least one of the nonglycogen precursors of glucose in this sys- 
tem. Chromatography (with three solvent systems) of the 
medium in which liver cells were incubated in the absence of 
serum showed the presence of a compound having the properties 
of maltose; however, the presence of other oligoglucosides, espe- 
cially maltotriose and maltotetraose, was also suggested. These 
observations prompted an examination of the substrate specific- 
ity of purified maltase. The data are reported in Table V. 
Maltotriose and maltotetraose are indeed hydrolyzed by the 
enzyme, at 25 and 34% of the rate of maltose hydrolysis, respec- 
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tively. These observations are consistent with a role for this 
enzyme of hydrolyzing maltose and higher oligoglucosides, |p 
confirmation of the results of Lieberman and Eto (37), the puri. 
fied maltase hydrolyzed starch and glycogen at a slow but sig. 
nificant rate. It is possible that the glycogen and starch samples 
contained a significant quantity of a lower molecular weight 
impurity, especially since no action of the enzyme on purified 
amylose was observed, but it is also plausible that this enzyme 
acts on higher molecular weight carbohydrates at a slow rate 
Lieberman and Eto (37) have also shown that amylase activity 
in these purified preparations is very low or absent, and cannot 


account for the hydrolytic rate observed with starch and gly. | 


cogen. Crude horse serum and the 1000-fold purified horse 
serum maltase have similar substrate specificities, suggesting 


that maltase is the major, if not the only glucoside-hydrolyzing 


component in horse serum. Because of its specificity and prob- 
able metabolic function, the term a-1,4-oligoglucosidase rather 
than maltase is perhaps a more appropriate name for this ep- 
zyme. 

In the present experiments, glycogen could not be the sole 
substrate for added a-1,4-oligoglucosidase, since the absolute 
increase in glucose production by liver cells observed in the pres- 
ence of a limiting amount of purified oligoglucosidase is at least 
an order of magnitude greater than its ability to hydrolyze gly- 
cogen. It is concluded from these data that oligoglucosides are 
produced by the liver cell preparations, and that added oligo- 
glucosidase facilitates the conversion of these substances to glu- 
cose. 

Oligoglucoside Production by Liver Slices—The demonstration 
of the accumulation of oligoglucosides during incubation of iso- 
lated liver cells made it desirable to determine whether this 
phenomenon occurred in other liver preparations. Accordingly, 
slices from carefully perfused livers were incubated for 60 min- 
utes at 37° in the high potassium medium of Renold et al. (7). 
The incubation medium was then analyzed for glucose and oligo- 
glucosides with the glucose oxidase test before and after incuba- 
tion with purified oligoglucosidase. During this period 155 
umoles of glucose and 325 umoles of oligoglucosides were pro- 
duced per g of protein during this period. 
thirds of the carbohydrate accumulating in the medium was 
oligoglucosides. Paper chromatography of the medium in three 
solvent systems confirmed the above analysis, and indicated the 


TABLE V 
Specificity of hydrolytic action of purified serum maltase 

Reaction mixture: 0.1 ml of 0.01 M maltose, maltotriose, or 
maltotetraose, or 0.02 m glycogen, starch, or amylose (based on 
glucose units), 1.6 mg of horse serum maltase protein made up to 
1.0 ml with 0.05 m histidine, pH 6.5. Incubation period 30 min- 
utes, temperature 37°. Glucose analyses were performed as 
described under ‘‘Experimental Procedure.’’ 


Substrate | Hydrolytic rate 
umoles glucose formed/ 
min/g protem 


Approximately two- | 
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resence of substantial quantities of maltose, maltotriose, and 
maltotetraose in the medium. 

Liver Amylase—The demonstration of the accumulation of 
dligoglucosides in the extracellular medium by liver cells and 
dices suggested the presence of an intracellular amylase. As 
recorded in Table VI, amylase activity was observed in homog- 
enates prepared from isolated liver cells of well perfused rat liver, 
as well as from livers of pig, cow, and rabbit; the level was espe- 
cially high in rat liver. These results are in qualitative agree- 
ment with the reported assays of several animals by McGeachin 
eal. (38). 

Phosphorylase assays of the same preparations were performed. 
The assays varied considerably, but the conclusion can be drawn 
that in rat liver the amylase and phosphorylase activities are of 
the same order of magnitude, whereas in the other species tested 
the amylase activity is lower by at least an order of magnitude. 

Oligoglucosidase (Maltase) Levels in Liver Cells—The presence 
of amylase in both liver and serum and of oligoglucosidase in 
serum prompted the assay of the latter enzyme in liver cells. A 
rather constant value of 1.5 uwmoles per minute per g of protein 
was found in sonically treated fresh rat liver cell preparations, 
whereas in sonic extracts of perfused liver the results were some- 
what more variable and averaged 2.3 uwmoles per minute per g 
of protein. The latter preparations apparently were contami- 
nated with traces of the serum enzyme. 

Since oligoglucosidase is not detectable in rabbit serum, the 
level of this enzyme in fresh rabbit liver sonic extracts was also 
investigated. The activity was very close to that found in simi- 
lar preparations from rat liver. 

The observation that oligoglucosidase activity (~1.5 wmoles 
per minute per g of protein) present in rat liver cells is much 
lower than that of the liver amylase (~60 umoles of reducing 
power per minute per g of protein) is consistent with the observa- 
tion that added serum oligoglucosidase increases the accumula- 
tion of glucose by liver cells. 

Several attempts to measure a maltose phosphorylase produc- 
ing either a- or 8-glucose 1-phosphate were unsuccessful, and it 
is concluded that significant levels of this enzyme are not present 
in liver parenchymal cells. 


_ DISCUSSION 
The data presented in this paper allow the definition at the 
enzymatic level of certain aspects of the production of glucose or 
extracellular carbohydrate by isolated rat liver cells. In addi- 
tion to the “phosphorylase pathway” for glucose production 
(Equation 1) which has been clearly demonstrated in rat liver 
slices by Sutherland and Cori (36), 


phosphorylase 


> glucose 1-phosphate 
phosphoglucomutase 


(a) Glyeogen + Pi 


(b) Glucose 1-phosphate <= 


1 
glucose 6-phosphate () 


phosphatase 


(c) Glucose 6-phosphate 
glucose + inorganic phosphate 


the enzymatically catalyzed conversions described in Equation 
2 are present. 


amylase 


(a) Glycogen - > oligoglucosides 


(2) 


oligoglucosidase 


(b) Oligoglucosides 


~ glucose 
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TaBLe VI 
Amylase and phosphorylase levels in liver cell sonic extracts 


Only rat liver was well perfused before homogenization, so that 
amylase values for other livers are maximal. In Experiment 1, 
the livers were homogenized and sonicated in 0.005 m histidine- 
chloride, pH 6.5. In Experiment 2 livers were homogenized in 
0.005 m histidine-chloride, pH 6.5, plus 0.1m NaF. Amylase ac- 
tivity was measured by the iodine color assay and the values 
were converted to equivalents of reducing power formed as de- 
scribed under ‘‘Experimental Procedure.”’ ; 


| 
Phosphorylase: inorganic 


Amylase: reducing 
phosphate released 


; power released 
Liver | 


| umoles released/min/g protein 


Isolated rat liver cells exhibit considerable amylase activity and 
an order of magnitude lower than oligoglucosidase activity. 
Horse serum, on the other hand, exhibits little if any amylase 
and considerable oligoglucosidase activity. The stimulation of 
“glucose production” by horse serum can clearly be attributed 
to the addition of the latter enzyme, which hydrolyzes the excess 
oligoglucosides produced by the liver cell system. 

The relationship of the amylase pathway (Equation 2) and 
the phosphorylase pathway (Equation 1) is of some importance. 
The sizeable stimulation by horse serum of glucose production 
by cells and slices attests to the prominence of oligoglucoside 
production in this system. It is evident, however, that the 
amylase pathway was emphasized in the present experiments. 

1. Many of the experiments were carried out in a medium of 
low phosphate concentration. 

2. No attempt was made to maintain ‘‘active phosphorylase” 
in these experiments. 

3. There may have been significant concentrations of intra- 
cellular oligoglucosides which were released on incubation. This 
latter possibility is especially pertinent in view of the recent 
isolation of significant quantities of low molecular weight oligo- 
glucosides from rat liver (39). 

Although it is not possible to define the relative metabolic 
importance of the amylase and phosphorylase pathways simply 
by measurements of the maximal activity of these two enzymes 
under conditions in vitro, such assays do presumably place limits 
on the relative activities of the pathways. In the present in- 
stance, however, the measured activities of both enzymes may 
be particularly misleading. The phosphorylase presumably 
exists in active and inactive forms (17, 41), and the amylase 
activity in liver homogenates is partially cryptic, being activated 
severalfold by sonic oscillation and a variety of other treatments 
(20). The amylase activities measured, therefore, are probably 
maximal and may be several times greater than the effective 
intracellular activity. The data are, however, consistent with 
a significant role of the amylase pathway, especially in rat liver. 
In other species studied (rabbit, pig, sheep) the amylase activity 
is less by an order of magnitude, in agreement with the conclu- 
sions of Cori et al. (40). 

Perhaps the most compelling argument against the ready ex- 
trapolation of the present results to the liver in vivo is the relative 
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lack of sensitivity of both isolated liver cells and rat liver slices 
(41) to epinephrine and glucagon. Both these hormones en- 
hance glucose production in the intact perfused liver (21, 42, 43). 
The rat liver cell preparations have also been shown to be ab- 
normal in other respects. They have altered permeability prop- 
erties and readily lose respiratory control (44). In a subsequent 
paper (21), it is shown that the isolated perfused liver does not 
elaborate detectable quantities of oligoglucosides into the extra- 
cellular medium, therefore eliminating the internal amylase- 
external oligoglucosidase pathway as a major pathway of glucose 
production. The role of the amylase pathway in glucose produc- 
tion is probably restricted to the rate of the intracellular oligo- 
glucosidase. A more definitive discussion of the function of liver 
amylase is presented in the following papers (20, 21). 

The results of the experiments presented here are of relevance 
to studies on glucose production by isolated liver cell systems, 
especially slices. Hastings et al. (7, 45), for example, have re- 
ported that the total glucose output by slices cannot be accounted 
for by glycogen depletion and formation from lactate. They 
have therefore concluded that an unknown glucose precursor 
(compound X) is present. It is likely from the present observa- 
tions that at least part of these precursors are alcohol-soluble 
oligoglucosides. A more detailed reinterpretation of the results 
of these authors is difficult, since the extracellular carbohydrate 
assayed by reducing power as “glucose”? was undoubtedly con- 
taminated with a significant but unknown quantity of oligo- 
glucosides. 


SUMMARY 


1. Isolated liver cells elaborate glucose into the incubation 
medium. Although a variety of externally added substrates, 
cofactors, and the hormones epinephrine and glucagon are with- 
out appreciable effect on this system, added dialyzed horse serum 
markedly enhances thé rate of glucose production. 

2. Isolated liver cells contain an active amylase which produces 
oligoglucosides from glycogen. The activity of amylase is espe- 
cially high in the rat and is considerably lower in other species 
tested (rabbit, pig, cow). 

3. Isolated liver cells also exhibit a low order of oligoglucosi- 
dase activity. In the rat, oligoglucosidase activity is much 
lower than amylase activity. 

4. As would be predicted from the above data, maltose, malto- 
triose, and maltotetraose constitute a major portion of the car- 
bohydrate accumulating in the medium of isolated rat liver cells 
and slices. 

5. The factor in serum responsible for enhanced glucose pro- 
duction is oligoglucosidase which hydrolyzes maltose and other 
oligoglucosides formed by the system. 

6. In rat liver cell and slice systems, the amylase pathway is 
prominent in the production of glucose. 

7. The significance of the present work relative to studies on 
the carbohydrate metabolism of liver cell systems is discussed. 
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I. CELLULAR DISTRIBUTION AND PROPERTIES* 
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Most of the early investigations on glycogen breakdown in 
ver assumed that the initial catalytic agent was of the amylase 
type (1). However, the discovery by Cori et al. (2) of the phos- 
phorylase pathway (phosphorylase, phosphoglucomutase, glu- 
ese 6-phosphatase) for the conversion of glycogen to glucose 
povided a stoichiometric equivalent to the amylase-maltase 
pathway with considerable metabolic versatility. The further 
demonstration of the relatively low amylase activity and the 

ominance of phosphorylase activity in well perfused rabbit 
ver (3) led to the generally accepted conclusion that amylase 
played little if any role in liver carbohydrate metabolism. The 
residual amylase activity present in rabbit liver preparations was 
ascribed to contamination with serum, and the considerably 
higher activity found in rat liver preparations was reasonably 
rlated to the higher amylase activity in rat serum (3, 4). 

In more recent years, however, certain experimental observa- 
tions, especially in the rat, have suggested that amylase activity 
may be a bona fide constituent of the liver cells. 

1. Rat liver tissue contains more amylase activity than can 
he accounted for by the blood present in the organ (5, 6). 

2. Whereas hog (rat) pancreatic and salivary amylases appear 
similar in the immunological responses to hog pancreatic amylase 
antisera, hog (rat) liver amylase interacts only slightly with 
these sera and hence appears distinct (7, 8). 

3. Amylase activity is found in isolated liver cell populations 
fom well perfused rat liver (9, 10). Such cell populations do 
not absorb additional externally added salivary amylase (9). 

4, Liver amylase is enzymatically active in the conversion of 
glycogen to glucose in both isolated rat cells and in slices from 
well perfused livers (10). | 

The experimental evidence has not been considered definitive, 
ince many of the observations could be a reflection of selective 
binding of serum amylase by the liver cells. Even the elucida- 
tion of the role of amylase in the production of oligoglucosides 
by isolated cells and liver slices is not completely convincing, 
since the permeability of these cells is altered (10). However, 
the above data, together with the demonstration of extracellular 
amylase production by perfused livers reported by Rutter et al. 
(ll), provide compelling evidence for the presence of a liver 
amylase, 

This paper reports some of the properties of the liver amylase. 
tis shown that the enzyme is primarily associated with the 


*This investigation was supported in part by Grant C-3765 
fom the National Institutes of Health, United States Public 
Health Service. The data are taken from a dissertation sub- 
mitted by Ronald W. Brosemer to the Graduate College of the 
University of Illinois in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy, February 1960. 


microsomal particles. The activity of particulate liver amylase 
is increased severalfold by various treatments which are likely 
to modify the particulate structure. The experimental evidence 
indicates that the enzyme is an a-amylase with catalytic proper- 
ties generally similar to those of other mammalian a-amylases. 


EXPERIMENTAL PROCEDURE 


Most of the methods used have been described in a preceding 
paper (10). 

The level of amylase activity was routinely measured by the 
disappearance of iodine color (10). In some experiments, it was 
measured by the increase of reducing power during hydrolysis, 
with glucose as a standard (12). The enzyme activity is ex- 
pressed as wmoles of reducing equivalents released per minute. 
With liver amylase, it is possible to convert milligram equivalents 
of starch to umoles of reducing equivalents (maltose quivalents) 
by multiplying the former by 0.8 (see Table V). 

Glucose 6-phosphatase was assayed by the method of Swanson 
(13), except that 0.05 m histidine, pH 6.5, was used as a buffer. 
Uricase activity was determined by the procedure of de Duve 
et al. (14). 

Barium glucose 6-phosphate was a product of Schwarz Labora- 
tories, Inc. It was converted to the sodium salt by treatment 
with Dowex 50 and subsequent neutralization. Crystalline hog 
pancreatic a-amylase was procured from Worthington Biochemi- 
cal Corporation; crystalline 8-amylase was obtained from Sigma 
Chemical Company. The nonionic detergent Triton X-100 was 
procured from Rohm and Haas Company. 


RESULTS 


“‘Actwation” of Liver Amylase—Only a fraction of amylase 
activity in liver tissue is measured on assay of conventionally 
prepared homogenates. McGeachin et al. (6) following a sug- 
gestion of Dr. B. W. Smith, obtained ‘“‘an average of 27% in- 
crease in activity by allowing the livers to age by standing over- 
night before amylase analysis,” but this procedure underesti- 
mates the activity of this enzyme. As shown in Table I, a 4- 
to 6-fold increase in amylase activity of fresh rat liver homogen- 
ates may be achieved by a variety of treatments including re- 
peated freezing and thawing, sonication or treatment with the 
detergent Triton X-100. I: contrast, the activity of serum 
amylase or crystalline pancreatic amylase on similar substrates 
is not affected by these treatments. In line with the above ob- 
servations, the presently reported liver amylase levels are con- 
siderably higher than those previous reported (5, 6, 14). The 
disparity may be ascribed to the partial and perhaps variable 
“activation” of the liver amylase during the experimental proce- 
dures used by earlier workers. | 
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TaBLeE 
*‘Activation’’ of rat liver amylase 
A well perfused liver was disrupted with the aid of a Potter- 


Elvehjem homogenizer. The resulting homogenate was assayed 
immediately, or after a single freezing and thawing, or after 1 
minute of sonication in a 10-ke Raytheon oscillator. When in- 
dicated, Triton X-100 was added at a final concentration of 0.01%. 
Other fractions were assayed as described under ‘‘Experimental 
Procedure.”’ 


‘Amylase activity 


Fraction Treatment 
Homogenate None 2.0* 
Frozen and thawed 3.56* 

Sonicated 5.6* 
| Triton X-100 5.8* 

Rat serum None 497 

Triton X-100 50T 

Crystalline hog pancre- None | 404 , 0007 

atic a-amylase Triton X-100 — 400 , 0007 


* Micromoles of reducing power formed per minute per g of 
fresh liver. 

+ Micromoles of reducing power formed per minute per g of 
protein. 


According to Manery (15) the rat liver has approximately 25% 
extracellular and 75% intracellular fluid. On the basis of this 
estimation and the present analyses, the liver has at least 5 
times more amylase activity than may be accounted for by sim- 
ple serum contamination. In a well perfused rat liver, the dis- 
crepancy is increased to about two orders of magnitude. This 
is additional evidence for the de facto existence of a liver amylase. 

Localization of Lier Amylase Primarily in Microsomal Par- 
ticles—The phenomenon of ‘activation’ of the liver amylase 
described above and the problem of its metabolic function 
prompted a study of the cellular distribution of the enzyme. 
Fractionation of homogenates by differential centrifugation ac- 
cording to Hogeboom (16) suggested concentration in the mi- 
crosomal fraction, but a variable and widespread occurrence of 
amylase activity in other particulate fractions was also observed. 
The data obtained were similar to those reported recently by 
MceGeachin and Porter (9). Several factors, however, prevented 
a clear interpretation of the results: (a) contamination of the 
homogenate by serum amylase, (6) the possibility that particu- 
late glycogen which sediments with the microsomal fraction (17) 
may bind “soluble” amylase (18), and (c) the possibility of 
ineficient and variable homogenization procedures. These 
difficulties were largely eliminated by the following procedure. 
Well perfused livers from rats fasted for 18 hours were homoge- 
nized and fractionated according to the more selective procedure 
of de Duve et al. (19-21). Each of the fractions was assayed 
for amylase, glucose 6-phosphatase, and uricase activities. Since 
de Duve et al. (21) have convincingly demonstrated the latter 
two enzymes to be present in the microsomal and “light mito- 
chondrial” particles, respectively, a comparison of the relative 
activities in the various fractions should allow an assignment of 
the distribution of amylase. The results of this experiment are 
presented in Table II. As in the homogenate, the particulate 

amylase was stimulated by treatment with Triton X-100. Glu- 
cose 6-phosphatase and uricase activities were maximal in the 
absence of the detergent. The particulate amylase and glucose 
6-phosphatase are both concentrated primarily in the microsomal 
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fractions. The distribution of amylase and uricase was clearly 
different, as evidenced by the markedly varying activity ratio 
In addition to the particulate enzyme, a “soluble” amylase j 
indicated by the low activity ratio of amylase to glucose 6-phog 
phatase in the supernatant fraction, and the fact that Trito, 
X-100 treatment did not stimulate the activity in this fraction, 
In nonperfused or poorly perfused livers, the relative activity 9 
the ‘soluble amylase” increased markedly; therefore, at leas 
part of the activity of this fraction appears to be contaminating 
serum amylase. However, even in the best preparations from 
homogenates and in isolated liver cells, a low level of “soluble” 
amylase was always detected. This activity may result from 
breakdown of some of the particles containing amylase during 
the fractionation procedure or may reflect a low level of intra. 
cellular “soluble”? amylase. 

In other control experiments with nonfasted rats it was found 
that the amylase bound to particulate glycogen is not stimy. 
lated by Triton X-100. Furthermore, the microsomal fraction 
per se did not affect the activity of added soluble amylase, 

The above observations suggest that the partially cryptic na- 
ture of liver amylase is related to its presence in a specific celly- 
lar structure which, after homogenization, has sedimentation 
characteristics similar to the particle containing glucose 6-phos- 
phatase. 

Preparation of Microsomal Amylase from Rat Liver—Subse. 
quent studies on some of the catalytic properties of the particu. 
late liver amylase were carried out with a crude particulate liver 
amylase preparation obtained as follows. Livers from six 2004 
rats that had been fasted for 18 hours were carefully perfused 
in situ with cold glucose and calcium-free medium. All further 
steps were carried out at 0-4°. The livers were weighed (67 g), 
placed with 240 ml of 0.25 m sucrose in a Waring Blendor, and 
homogenized for 2 minutes. The heavy particle fraction con- 
sisting of cell debris, nuclei, and mitochondria was removed by 
centrifugation at 5000 x g for 12 minutes. The precipitate was 
washed once with 120 ml of 0.25 m sucrose by a similar centrifu- 
gation. The combined supernatant fractions were centrifuged 


TABLE II 


Relative activities of amylase, glucose 6-phosphatase, 
and uricase in rat liver fractions 


Enzyme assays are described under ‘‘Experimental Procedure.” 
Amylase and glucose 6-phosphatase were assayed at 37°, and 
uricase was assayed at 25°. The amylase assays were performed 
in the presence of 0.01% Triton X-100; numbers in parentheses 
refer to values obtained in the absence of this detergent. Ratios 
of activities were calculated from the highest assay values. 


| 3 
| 231 gis 
Fraction | Amylase phatase Uricase 
| 
pmoles reducing | ymoles product 
power formed/ formed/min/g 
min/g fresh liver fresh liver 
Homogenate..... (2.14) 8.0 18.5 0.71 | 0.45; Il 
pO ne (0.3) 1.3 4.9 0.14 | 0.27 9.3 
Mitochondria. ...'| (0.10) 0.5 1.5 0.09 | 0.30; 5.1 
‘Light mito- 
chondria’’.....| (0.5) 2.2 4.2 0.39 | 0.49 5.3 
Microsomes...... (1.1) 4.2 8.4 0.02 | 0.50 | 210 
Supernatant.....| (0.9) 1.8 0.3 0.01 | 6.10 | 180 
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at 50,000 X g for 50 minutes. The precipitate containing the 
microsomal particles was suspended in 60 ml of 0.25 m sucrose 
and sonicated for 2 minutes. About 80% of the original amylase 
activity of the homogenate resided in this fraction. Centrifuga- 
tion at 50,000 X g for 90 minutes yielded a particulate fraction 
containing about 50°% of the total liver amylase activity. This 
fraction was dialyzed for 24 hours against several changes of 
distilled water without loss of activity. The specific amylase 
activity was 275 umoles of reducing power per minute per g of 
protein, only 4-fold greater than the original homogenate, but 
the preparation was free from phosphorylase and glucose 6-phos- 
phatase activities. 

Properties of Liver Microsomal Amylase—Several lines of exper- 
imental evidence suggest that the amylase-like activity of these 
liver particulate preparations is indeed associated with an a- 
amylase with catalytic properties similar to those of other mam- 
malian a-amylases. 

Chloride Stimulation—The amylase activity of the present 
preparation is maximally active in solutions containing 0.01 M 
chloride. As shown in Table IIT, the activity in the presence of 
0.01 m sodium chloride is about 4 times greater than in controls. 
These observations are in agreement with the well known stimu- 
lation of mammalian and bacterial a-amylases by chloride ion 
(22). 

McGeachin and Porter (9) have recently reported a 13- to 16- 
fold stimulation by chloride ion of the “soluble” amylase from 
rat liver. The chloride sensitivity of the particulate and the 
soluble forms of amylase may therefore be different. 

Ratio of Increase in Reducing Power to Decrease in Iodine Color 
during Action of Liver Amylase—lIf the activity of similar quanti- 
ties of amylase is measured by increase in reducing power and 
alternatively by the loss of iodine color of the substrate, the ratio 
of activities in the two assays reflects the type of amylase activity 
As shown in Table IV, the ratio of activities 
for pancreatic a-amyiase and liver amylase average 0.9 and 0.8, 
respectively, whereas B-amylase gives a ratio of 1.4. The data 
are therefore consistent with the view that liver enzyme is an 
a-amylase. 

Loss of Iodine Color by Action of Liver Amylase—Exhaustive 
treatment of glycogen with a-amylase should result in complete 
loss of iodine color, whereas similar treatment with @-amylase, 
for example, should yield a residual color because of incomplete 
breakdown of the branched structure. The results of an experi- 
ment testing the action of crystalline a- and B-amylases, as well 


TABLE III 
Stimulation of liver amylase activity by chloride ions 


The following mixture was incubated at 37°: 0.1 mg of liver 
amylase preparation; 3.0 ml of starch, 18 mg per ml; 0.4 ml of 0.2 
M phosphate, pH 6.7. Where indicated, chloride ions were added 
toa final concentration of 0.01 m, and total volume adjusted to 4.0 
ml with H,O. Assays were performed by the disappearance of 
iodine color. 


Amylase activity of starch hydrolyzed 
Incubation period 
Control cl- 
min 
16 5 22 
30 8 33 
61 14 48 
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TaBLe IV 


Ratio of increase in reducing power to decrease in 
todine color for a-, B-, and liver amylases 
The following mixture was incubated at 37°: 3.0 ml of starch, 
20 mg per ml; 0.05 m histidine-chloride, pH 6.5; 1.8 mg of a-am- 
ylase; 6 mg of 8-amylase or 0.1 mg of liver amylase preparation; 
H:O added to 4.0 ml final volume. The data presented were ob- 
tained by difference from similar samples stopped at zero time. 


| | 
Incubation | pen —- ng | iodine color Increase in reducing power 
perl stare Decrease in iodine color 
hydrolyzed) 
| | equivalents 
11.1 11.8 0.94 
30 20.3 | 23.0 0.88 
60 | 33.0 38.1 0.87 
8.2 5.8 1.4 
30 | | 13.5 9.7 1.4 
60 27.5 19.4 1.4 
15 | Liver 14.5 18.7 0.77 
30 | 24.4 0.80 
60 36.6 45.1 0.81 
| 
TABLE V 


Action of a-, B-, and liver amylases on starch 
as measured by iodine color 
The following mixture was incubated at 37°: 3.0 ml of starch, 
20 mg per ml; 0.05 m histidine-chloride, pH 6.5; 0.03 mg of a- 
amylase, 0.1 mg of 8-amylase, or 1 mg of liver amylase prepara- 
tion; made up to 4.0 m]! with 0.05 m histidine-chloride, pH 6.5. 


Per cent initial I: color 


Incubation period 


a-Amylase | 8-Amylase | Liver amylase 
ae min | 

0 100 100 100 

15 0 58 55 

30 0 58 | 34 

60 0 58 | 15 

90 | 7 

120 5 


as liver amylase, on glycogen, are presented in Table V. Suffi- 
cient B-amylase was added to the starch substrate to allow the 
residual level of iodine color to be reached in the first 15 min- 
utes; in contrast, no iodine color remained after a short treatment 
with a-amylase. At the concentration used, the liver enzyme 
produced a steady decline of the iodine color during the reaction 
with no evidence of residual color. 

Assay for Glucosidase Activity—The possibility of the presence 
of amylo-1 ,6-oligoglucosidase (18, 25) in the particulate prepara- 
tion was tested by the combined action (in the absence of chlo- 
ride ions) of B-amylase and the liver preparation on ‘‘6-amylase 
limit dextrin.”” It was reasoned that under these conditions, 


the presence of amylo-1 ,6-glucosidase would result in a net in- 
crease in the B-amylase activity because of the removal of the 
1,6 bonded glucose units which block continued hydrolysis by 
B-amylase; that is, the activity of the combined liver and £- 
amylase would be greater than the sum of the separate activities. 


and 
theses 
Ratios 
11 
9.3 
5.1 
5.3 
210 
180 


TaBLe VI 
Combined action of liver amylase and B-amylase on starch 


The following mixture was incubated at 37°: 3.0 ml of starch, 
18 mg per ml; 0.4 ml of 0.2 Mm phosphate, pH 6.7; 1 mg of liver 
amylase preparation or 0.1 mg of 8-amylase or both; HeO added 
to 4.0 ml final volume. Figures in parenthesis are predicted 
values assuming additive action of the two preparations. 


Incubation period Enzyme Starch hydrolyzed 
min mg equivalents 
16 | Liver amylase 5 
30 8 
61 14 
16 3-amylase 33 
30 35 
61 36 
16 Liver + 3-amvlase 40 (38) 
30 44 (43) 


61 49 (50) 


Table VI shows that the activities were, in fact, additive, sug- 


gesting the absence of significant amylo-1 ,6-glucosidase activity. 


The presence of oligo-1 ,4-glucosidase was tested by the hy- 
drolytic action on maltose. A rate of 0.6 umole of maltose 
hydrolyzed per minute per g of protein was observed. This level 
of activity is less than 1° of the amylase activity in this prepara- 
tion; nevertheless, it is a significant activity and is not observed 
with crystalline a-amylase. 


us § 


= 


Fic. 1. Chromatograph of products of a-, B-, and liver amylase 
on glycogen. The incubation mixtures contained 0.500 mg of 
glycogen; either 0.05 mg of a-amylase, 0.2 mg of crystalline B- 
amylase, or 10 mg of particulate liver amylase; adjusted to 36 ml 
of final volume with 0.05 m histidine-chloride, pH 6.5. Samples 
(10 ml) were removed after 0, 15, and 120 minutes of incubation 
at 37°. The reaction was stopped by boiling, and the extent of 
hydrolysis determined by reducing power as described under 
‘‘Experimental Procedure.’’ The products (expressed as wmoles 


of maltose equivalents) accumulating in each of the samples after 
15 and 120 minutes of incubation, respectively, were as follows: 
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Chromatographic Identification of Products of Liver Amylase 
Action—The products of the hydrolytic action of pancreatie 
a-amylase, B-amylase, and the liver amylase were compared by 
chromatographic analysis. After appropriate incubation pe- 
riods, the reaction was stopped by heating for 5 minutes gt 
100°. The denatured liver protein was removed by centrifuga. 
tion, and the soluble carbohydrates were concentrated and chro. 
matographed in three different solvent systems as described (10), 
One set of chromatograms is presented in Fig. 1. As expected, 
8-amylase produced primarily maltose (26), whereas the crystal. 
line a-amylase-produced products migrating like maltose, malto. 
triose, and maltotetraose (27-29). The hydrolytic products of 
liver amylase were similar to those of a-amylase. The smal] 
quantity of glucose formed in the liver system can probably be 
attributed to the contaminating oligo-1 ,4-glucosidase activity; 
however, slightly altered specificity of the particulate enzyme 
cannot be ruled out. 

Reversible Inhihition of Liver Amylase Activity by Ethylened.- 
aminetetraacetic acid—Fischer et al. (30) have reported that pur- 
fied a-amylase from various sources, including pancreas and 
saliva, is inhibited by EDTA! EDTA ata concentration of 0.01 y 
results in a 90% inhibition of the mammalian a-amylase activity 
within 20 minutes; in preparations which have been specially 
purified to remove proteolytic contaminants, subsequent addition 
of 0.02 mM calcium ions completely restores the original activity, 
This observation is explained by the demonstration that amylases. 
contain Ca** which is required for catalytic activity. EDTA 


! The abbreviation used is: EDTA, ethvlenediaminetetraacetic 
acid. 


a-amylase, 510, 1000; B-amylase, 130, 290; liver amylase, 150, 540. 
The samples were concentrated and chromatographed in n-bu- 
tanol-pyridine-H»O, 6:4:3. The following abbreviations are 
used: G, glucose; M-2, maltose; M-3, maltotriose; M-4, malto- 
tetraose; S, unknown spot present in unincubated sample (prob- 
ably buffer contaminant); GM, glucose + maltose; MM, malto- 
triose + maltotetraose; LO, L1, and L2, AO, A1, A2, and Bo, Bl, 
B2 represent samples treated with liver amylase, crystalline 
a-amylase, and crystalline B-amylase at 0, 15, and 120 minutes, 
respectively. 
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forms complexes with enzyme Ca**, resulting in loss of activity, 
shereas added Ca++ in turn replaces the enzyme-bound Catt 
and thus reverses the inhibition. 
The effect of EDTA and calcium ions on the liver amylase 
preparation is shown in Table VII. Amylase activity was de- 
by 0.01 mM EDTA to about 15% of the control, and addi- 
tion of Ca**+ completely restored activity. Thus the liver 
amylase shows the same type of reversible EDTA inhibition as 
other mammalian a-amylases. This suggests that Catt plays 
, similar role in the liver enzyme. The complete reversibility 
of this crude enzyme system indicates the absence of active 


proteases (30). 
DISCUSSION 


The present studies indicate that the majority of the liver 
amylase is associated with the microsomal particles; only a minor 
fraction may be present in soluble form. Since sonication, freez- 
ing and thawing, and treatment with detergents markedly stimu- 
late the microsomal amylase but do not affect the action of the 
sluble liver amylase or of crystalline a-amylase, it is concluded 
that the liver enzyme is integrated within the structure of the 
particle, thus causing a physical screening of the active sites of 
amylase or a diffusion barrier for the large substrate molecules. 
The restricted cellular distribution and “activation” of the en- 
wme provide further evidence for the existence in liver cells of 
an amylase. 

The discrepancies between the present work and previous 
studies (6, 9) with respect to the total activity and cellular dis- 
tribution of the liver amylase can largely be attributed to the 
underestimation of the particulate enzyme activity by earlier 
workers. Laird and Barton (31, 32) have shown that a large 
portion of the amylase in pancreas is associated with the mi- 
cosomal fraction. It is possible that the “activation”? phenom- 
enon also may occur in the pancreas. 

The available experimental information allows a consideration 
of the function of the liver amylase. Possible interconversion 
of several states of the enzyme are indicated below: 


Particulate amylase 


‘ — extracellular (serum) amylase 
Intracellular ‘‘soluble”’ amylase 


The demonstration of the production of serum amylase by liver 
(11) is the basis of the stated intracellular-extracellular conver- 
son. It appears likely that the microsomes are the site of the 
amylase synthesis in liver as in the pancreas (32, 33), but the 
route of release of amylase by the liver into the serum is not 
known. Finding an amylase in the supernatant fraction of liver 
and pancreas homogenates is suggestive evidence for the presence 
also of an intracellular “‘soluble” enzyme. : 

The role of rat liver in producing serum amylase is ample 
justification for the particulate amylase. A metabolic role is 
neither anticipated nor precluded. The available experimental 
evidence does, however, suggest a metabolic function of the liver 
enzyme. (a) Isolated liver cells and liver slices elaborate oligo- 
tlucosides, the products of a-amylase action, into the extracellu- 
lar medium (10, 11). (6) Oligoglucosides have been isolated 
directly from rat liver tissue (34). (c) The enzymes commonly 
ascribed a role in the synthesis and degradation of glycogen 
(UDP-glucose-glycogen transglucosidase, phosphorylase, the 
branching enzyme, amylo-1 ,6-glucosidase, oligo-1 ,6-glucosidase) 
do not provide a mechanism for the formation of new primer 
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TaBLe VII 
Effect of EDTA and calcium on liver amylase activity 

Liver amylase preparation (1 mg) was added to 0.8 ml of 0.05 
M histidine-chloride plus 0.01 m EDTA (pH 6.5), and the volume 
adjusted to 1.0 ml with H.O. After incubation at 37°, 2.0 ml of a 
starch-chloride solution composed either of starch (20 mg per ml) 
plus 0.016 m NaCl, or starch (20 mg per ml) plus 0.008 m CaCls. 
The zero time incubation samples were prepared by adding the 
starch-chloride solution to an incubation mixture which lacked 
EDTA. Incubation was allowed to continue for 20 minutes after 
starch-chloride additions, and an aliquot was then removed for 
iodine color determination. 


Preincubation with EDTA Calcium | Starch hydrolyzed 

min | mg equivalents 
0 _ | 7.3 
0 + | 8 

20 a | 1.0 

20 $ | 7.5 

60 1.1 

60 + 7.5 


molecules. Intracellular amylase would provide new sites for 
synthesis and breakdown of glycogen by the above enzymes. 
The functional requirement for such an catalytic agent has been 
recognized (3, 6). 

Several possible devices for intracellular control of activity of 
liver amylase are apparent from the data presented here: (a) 
the chloride concentration (4- to 5-fold stimulation); (6) the 
intracellular availability of particulate glycogen to the particu- 
late amylase; (c) alterations in particulate structure which may 
considerably alter amylase activity; and (d) the conversion of 
particulate to “soluble” amylase. (This is one possible explana- 
tion for considerable variation in soluble amylase activity ob- 
served in liver homogenates.) 

There is, however, no clear experimental evidence that any 
one of the above is operative in the liver cell. Studies, especially 
from the laboratory of Parks (35), suggest the conversion of large 
molecular weight glucose polymers to smaller polymers, probably 
by a process other than phosphorylase which is, nevertheless, 
under the control of epinephrine. Attempts to obtain activation 
of the isolated microsomal amylase by epinephrine and glucagon 
have thus far been unfruitful.2 A more subtle relationship, 
however, is not ruled out by these studies. 

Most of the arguments presented here are based on experimen- 
tal evidence obtained with rat liver. The level of amylase in 
the livers of many other mammalian systems (e.g. pig, sheep, 
rabbit, dog (6), chicken (6)) is lower by an order of magnitude. 
In these instances the amylase activity measured could, in fact, 
be a result of serum contamination. The concentration of liver 
amylase in any particular system may be controlled by its rate 
of synthesis (presumably in the particle) and the rate of its 
conversion into other forms, especially its release into the extra- 
cellular medium. Considerable variations in liver amylase 
among species are not inconsistent, therefore, with a specific 
role of amylase in the metabolism of the liver cell, as well as in 
the serum. 

The relationship of liver amylase to the salivary and pancreatic 
amylases is a point of some significance. On the basis of im- 


munological studies, McGeachin and Reynolds (7, 8) have con- 
2W. J. Rutter and M. L. Arnold, unpublished results. 
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cluded that the liver enzyme is “different”? from the other 
amylases. If the microsomal amylase was present in the “liver 
extracts” used in their experiments, it seems possible that the in- 
teraction with the antibody might be restricted, just as its action 
with the substrate is hindered. It would thus not be possible to 
decide whether the structure of the amylase of rat liver is differ- 
ent from that of other amylases present in the animal. Further 
investigation of the relationships of the amylases from three 
sources in the same animal system is desirable to resolve this 
question. 


SUMMARY 


1. Rat liver amylase is present primarily in the microsomal 
particles, and has a distribution quite similar to that of glucose 
6-phosphatase. 

2. The activity of particulate liver amylase is stimulated 
markedly by sonic oscillation, treatment with detergents, or by 
freezing and thawing. 

3. The catalytic properties of liver amylase closely resemble 
pancreatic a-amylase. (a) The activity is stimulated by chloride 
ions. (6) When the amylase activity is measured by the increase 
in reducing power and the decrease in iodine color of the sub- 
strate, the ratios of the two activities are similar for liver amylase 
and pancreatic a-amylase and considerably different for crys- 
talline B-amylase. (c) There is complete loss of iodine color of 
starch on prolonged treatment with the enzyme. (d) The prod- 
ucts produced by liver and pancreatic a-amylases are similar, as 
indicated by paper chromatography. (e) The activity of liver 
amylase is inhibited reversibly by ethylenediaminetetraacetic 
acid. Calcium ions reverse the inhibition. 

4. Certain aspects of the function and distribution of liver 
amylase are discussed. 
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Glucose production by isolated rat liver cells as well as by 
liver slices is stimulated by the addition of oligoglucosidase 
(either in various sera or as a highly purified fraction) (1). The 
following enzyme-catalyzed reactions were demonstrated in this 
system (1, 2): 

liver a-amyvlase 


(1) 


Glycogen + H20 > oligoglucosides 


(a) liver oligoglucosidase 
(b) serum oligoglucosidase 


Oligoglucosides + H2O > glucose (2) 


Since the activity of liver amylase (Equation 1) was at least an 
order of magnitude greater than that of liver oligoglucosidase 
(Equation 2a), the observed accumulation of oligoglucosides in 

the system and the stimulation of glucose production by extra- 
cellular oligoglucosidase (Equation 26) could be accounted for, 
provided there is permeability of the system to oligoglucosides. 

The magnitude of the stimulation by serum oligoglucosidase 
(up to 10-fold) indicates the prominence of the amylase pathway 


in glucose production by the isolated systems employed. For 
several reasons, however, it was not possible from these studies 
to assess the relative importance in vivo of the amylase pathway 
and the well known phosphorylase pathway of glucose produc- 
tion. Sutherland et al. (3, 4) have shown rapid loss of phos- 
phorylase activity by liver slices. The phosphorylase present 
in the systems employed here may have been inactivated before 
or during the experimental incubations. Neither glucagon nor 
epinephrine markedly stimulated glucose production by rat liver 
cells or slices (1). This contrasts with the behavior of other liver 
systems (5). Many isolated liver cells have altered permeability ; 
preparations have a tendency to lose intracellular enzymes and 
respiratory control (6,7). A considerable fraction of the amylase 
activity present in liver is in a partially cryptic state (2). 

In point of fact, several possible physiological roles of liver 
amylase may be postulated from these and other studies. 

1. A role in glucose production via Equations 1 and 2a. This 
could be only a relatively minor contribution because of the low 
level of liver oligoglucosidase. 

2. Formation of excess oligoglucosides to be used as primers 
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from the National Institutes of Health, United States Public 
Health Service and by a grant from the Jane Coffin Childs Me- 
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for glycogen synthesis or as additional sites for degradation via 
phosphorylase. 

3. An additional pathway for glucose production utilizing 
intracellular liver amylase and the serum oligoglucosidase (Equa- 
tions 1 and 2b). This postulate requires permeability of the 
liver to oligoglucosides or oligoglucosidase or both. 

4. The synthesis of serum amylase by the liver. This hypoth- 
esis is consistent with the presence of amylase activity in mi- 
crosomal particles in a partially cryptic state. 

Of these postulates, the first is both reasonable and difficult 
to either prove or disprove. The second is consistent with the 
isolation by Sie and Fishman (8) of large quantities of oligogluco- 
sides from rat liver, and with the demonstration of the formation 
of alcohol-soluble glucosides in rat liver (9); it also fills an ac- 
knowledged metabolic function. Postulates 3 and 4, on the other 
hand, appeared subject to direct experimental appraisal. The 
present paper reports such a study with perfused intact rat 
livers. 


EXPERIMENTAL PROCEDURE 


Liver Perfusion—Liver perfusion was carried out by a tech- 
nique developed by Dr. J. A. Miller. The significant modifica- 
tions of the procedure of Dr. L. L. Miller et al. (10) were as fol- 
lows. For the gas phase, 95% O2:5% CO:2z was used. The liver 
was supported by the attached diaphragm so that its position was 
similar to that in the standing rat and it was suspended in the 
perfusion fluid. The bile duct was cannulated and the bile flow 
measured as a criterion of liver function. 

The perfusion media (approximately 250 ml for each experi- 
ment) were composed of Waymouth’s nutrient medium (11) with 
0.01 m lactate replacing the glucose, to which was added, as 
indicated, bovine albumin, dialyzed rabbit serum, and red cells 
from the rabbit, rat, or horse, washed at least four times with 
glucose-free Hank’s solution (12) plus 0.4% sodium citrate and 
finally suspended in Waymouth’s nutrient medium to the volume 
of original blood. 

Analyses—Assays for oligoglucosidase and oligoglucosides 
were performed as previously described (1). The volumes of all 
components in the a-amylase assay were reduced to one-fourth 
of those stated (1). The glucose oxidase test was performed in 
0.1 m phosphate buffer, pH 7, instead of acetate buffer, pH 4.5 
(1). This change eliminated the reaction of crude glucose oxi- 
dase with maltose, and hence allowed a more satisfactory assay 
for oligoglucosides and oligoglucosidase. 

Lactic dehydrogenase was determined by the method of Gibson 
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Fic. 1. Glucose and oligoglucoside production by perfused rat 
liver, perfusion experiment 2. A 11.5-g liver was perfused with 
fluid composed of 50% nutrient medium, 25% rabbit erythrocytes, 
and 25% rabbit serum. Glucagon (100 ug) was added to the 
perfusion fluid at 66 minutes. Aliquots (5 ml) were removed at 
regular intervals and placed immediately in ice. The erythro- 
cytes were removed by centrifugation and the supernatant was 
frozen until assayed. 


et al. (13); 0.03 m glycine buffer, pH 8.7, was used instead of 
Veronal buffer. 

Glutamic-oxalacetic transaminase was measured by the proce- 
dure of Karmen (14) as modified by Hook.! 

Reagents—Highly purified bovine or human plasma was pro- 
cured from Armour and Company. Samples devoid of oligo- 
glucosidase and amylase were used in these experiments. (Some 
Cohn Fraction V samples contained considerable oligoglucosidase 
activity (1).) 

A sample of crystalline glucagon was kindly supplied by Dr. 
O. K. Behrens of Eli Lilly and Company. Horse serum a-1 ,4- 
oligoglucosidase was purified by the procedure of Lieberman and 
Eto (15). The final product had a specific activity of 16 umoles 
of maltose hydrolyzed per minute per mg of protein and repre- 
sented a purification of some 1000-fold over horse serum. 


RESULTS 


Defined Perfusion Medium—The question of oligoglucoside 
production by the intact functional rat liver could be resolved 
by perfusion experiments, provided a perfusion medium devoid 
of oligoglucosidase and large quantities of glucose and/or oligo- 
glucosides could be used. Since rat serum exhibits considerable 
oligoglucosidase activity (~1 umole of maltose hydrolyzed per 
minute per ml of serum), the use of whole rat blood for perfusion 
was precluded. 

Simplified media were therefore prepared by various combina- 
tions of the following components: nutrient medium (minus glu- 
cose, but with added lactate, 0.01 m final concentration), crys- 
talline bovine serum albumin or dialyzed rabbit serum, and rat 
or rabbit erythrocytes. These media were essentially oligo- 
glucosidase-free provided the erythrocytes (especially from the 
rat) were well washed. It was found that the endogenous blood 
oligoglucosidase in the experimental liver could be essentially 
eliminated by discarding the first 50 ml of the perfusate issuing 
from the liver. The reconstituted fluids proved to be quite satis- 
factory for the contemplated perfusion experiments. Glucose 
and/or oligoglucosides could be readily detected because of their 
initial absence from the media. Moreover, the presence of low 


1R. Hook, unpublished data. 


Liver Amylase. 


II Vol. 236, No.3 


levels of epinephrine and other physiologically active amines wag 
a considerable advantage, and was manifest in the increased floy 
rates obtained in the early phases of perfusion with defined medig 
as compared to whole blood. 

Question of Oligoglucoside Production—Isolated rat livers read. 
ily released carbohydrates into the various perfusion media 
Fig. 1 presents the quantitative data obtained from a perfusion 
experiment carried out in nutrient medium with added bovine 
albumin and washed rabbit erythrocytes. The production o 
glucose was initially rapid, and then at approximately 40 mp. 
utes reached an apparent steady state level in which the glucog 
utilization was balanced by glucose production. The addition 
of 100 ug of glucagon (~10~7 M) to the system elicited a rapid 
and very marked increase in glucose production. This dramatic 


effect was reproduced in other experiments and is in agreement | 


with the recent report of Miller (16). It contrasts with the 


barely detectable glucagon or epinephrine effect observed in jo. } 


lated rat liver cells (1) and slices (1, 17). The second plateay 
reached after the addition of glucagon was apparently related to 


glycogen depletion, since the glycogen content of the liver at the } 
Accumula- 
tion of oligoglucosides in the perfusate was tested by the specific 

estimation of glucose before and after treatment of the sample | 
with purified horse serum oligoglucosidase. By this test, no | 


end of the experiment was low (<0.2% glycogen). 


oligoglucosides accumulated at any time during the experiment, 
This also contrasts with the observations made with isolated liver 
cell preparations and slices (1). Nevertheless, a considerable 
bile flow during the experiment provides evidence for the fune- 
tionality of the liver during this period. 

Other perfusion experiments with a variety of simplified media 
were performed. The glucose elaborated into the medium varied 
from 0.13 to 1.9 mmoles. The total quantity was apparently re- 
lated to the glycogen content of the livers; however, there was 
also some dependence on the conditions of oxygenation of the 
system. Thus, even though the liver had a high initial glycogen 
content (obtained by including sucrose in the drinking water of 


the rats), the net glucose production was lowest in Experiments | 
5 and 6 (0.30 and 0.25 mmole, respectively) in which the per- | 


fusate was nutrient medium without added erythrocytes. 


In none of the experiments with various combinations of rab- | 
bit or rat erythrocytes, albumin or dialyzed rabbit sera, and | 
nutrient media was there oligoglucoside accumulation. How- | 
ever, there was a low but significant oligoglucosidase activity } 


present especially in the perfusion fluids containing rat erythro- 


cytes; the maximal activity of the total perfusate was of the | 
order of 10% of the rate of glucose output of the liver. Thus it | 
may be concluded that under these conditions (and presumably | 
under relatively normal conditions in vivo) the production of | 
oligoglucosides and their subsequent hydrolysis by serum oligo- | 
glucosidase can represent at best only a minor source of serum | 


glucose in the rat. 


That the substantial accumulation of these compounds in iso- } 


lated liver cells and slices is probably related to cell damage is 
suggested by experiments in which the perfusion medium was 
deliberately modified, for example, by lowering the tonicity by 
addition of distilled water, or by the addition of phloretin or 
carbon tetrachloride. Oligoglucosides were indeed detected if 
the treatment was performed early in the perfusion, presumably 
when glycogen levels were sufficient. Thus in Experiment 4, 
phloretin was added at 50 minutes when insignificant quantities 
of oligoglucosides were present in the perfusion medium. At 
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minutes approximately half of the carbohydrate present in the 
perfusion fluid was maltose or other oligoglucosides. 

At the termination of many of the longer term perfusion ex- 
periments, or after addition of phloretin or carbon tetrachloride, 
the glucose concentration in the perfusate was lowered signifi- 
cantly. This was presumably the result of decreased glucose 
production and/or increased utilization by the liver cells. The 
glucose level in the perfusate is related to the rates of these 
processes in addition to the rate of utilization of glucose by the 
erythrocytes (2 umoles per ml of packed cells per hour). In the 
present experiments as much as 50 uwmoles of glucose per hour 
could be utilized by the erythrocytes present. It was primarily 
during the periods when glucose was being utilized not produced 
by the system that the oligoglucoside concentration was aug- 
mented; hence the proportion of oligoglucosides increased very 
rapidly. The absolute rate of oligoglucoside production by the 
damaged liver, however, approximated that obtained with liver 
cells and slices (~75 wmoles per hour per g of liver). 

Although the above experiments indicated clearly that the 
intracellular amylase-extracellular oligoglucosidase pathway was 
not a major pathway for glucose production in rat liver, it still 
remained possible that the liver cells were freely permeable to 
soluble oligoglucosidase, and hence the flux of the amylase oligo- 
glucosidase pathway was dependent on the external oligoglucosi- 
dase concentration. This possibility was tested in Experiment 
7. A glycogen-rich liver was perfused in an essentially oligo- 
glucosidase-free medium long enough (20 minutes) to measure 
the rate of glucose production; then purified oligoglucosidase was 
added to a level twice as great as that ordinarily present in rat 
serum. No alteration in the rate of glucose production was ob- 
served. After 30 minutes, glucagon was added and an imme- 
diate increase in glucose production was noted. This experimen- 
tal result suggests that external oligoglucosidase has no 
appreciable effect on glucose production by liver tissue. 

Amylase Production by Liver Cells—The activity of several 
enzymes in the medium was determined at various periods dur- 
ing the course of the perfusions. Whereas the activity of oligo- 
glucosidase remained low and constant, that of amylase increased, 
in some cases very markedly. This observation could have been 
the result of ‘extraction of bound amylase” or of production and 
release of the enzyme by the liver tissue. The presence of a 
cryptic, particulate rat liver amylase previously reported (2) was 
consistent with either possibility. It was also possible that the 
enzyme could have been derived from intracellular ‘“soluble”’ 
amylase, by continuing damage of cells during the course of the 
perfusions. 

A quantitative experiment allowing differentiation of these 
possibilities is reported in Fig. 2. Amylase activity increased 
markedly during the course of the perfusion experiment, parallel- 
ing glucose accumulation and bile production. After approxi- 
mately 90 minutes of perfusion, the rate of both bile and amylase 
production diminished. On the other hand, the glutamic- 
oxalacetic transaminase activity as well as the lactic dehydro- 
genase activity (not shown) of the perfusate remained low and 
constant during the early periods of the perfusion. Since the 
activities of these enzymes are increased markedly in serum after 
liver damage (18), it appears that the liver remained intact and 
functional during the periods of active amylase accumulation in 
the perfusion fluid. Replacement of oxygen by nitrogen for a 
period of 25 minutes did not exert a marked immediate effect 
on amylase production or bile flow, although the anaerobiosis 
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Fic. 2. Amylase production by perfused rat liver, perfusion 
experiment 7. A 6.9-g liver was perfused with fluid composed of 
80 ml of rat erythrocytes and 170 ml of nutrient medium, contain- 
ing bovine albumin 25 mg per ml final concentration. Altera- 
tions in the perfusion conditions at various intervals are noted on 
the figure. Where indicated 10 mg of phloretin in 10 ml of nutrient 
medium were added, and later 0.2 ml of CCl, dissolved in 1 ml of 
ethanol + 0.3 ml of nutrient medium was added. The data refer 
to quantities in the total perfusate. A unit of amylase activity 
is defined as that amount of enzyme required to produce an in- 
crement in reducing power equivalent to 1 umole of glucose per 
minute. A unit of glutamic-oxaloacetic transaminase is the 
amount of enzyme producing oxidation of 1 umole of DPNH per 
minute under the standard assay conditions. 


could have been the ultimate cause for the cessation of these 
activities later in the experiment. 

The typical effects of phloretin and carbon tetrachloride on 
the system are also shown. The glucose level in the perfusate 
diminishes, as discussed earlier, the bile flow ceases (if it has not 
already done so), and the glutamic oxalacetic transaminase and 
lactic dehydrogenase activities increase, especially after the addi- 
tion of carbon tetrachloride. The sharp increase in the amylase 
activity on treatment with phloretin is also noted. This could 
arise from intracellular “soluble amylase”’ or by a release of amyl- 
ase at certain stages in the process of elaboration by the liver. 
The latter is perhaps the more likely hypothesis, since the glu- 
tamic-oxalacetic transaminase activity in the perfusion medium 
is not increased, and this should reflect release of soluble en- 
zymes. 

The total amylase activity accumulating in the perfusion me- 
dium during the course of the experiment was greater than that 
initially present in the total liver, yet the amylase activity in 
the liver at the end of the experiment was unchanged. It is 
concluded, therefore, that amylase was indeed formed by rat 
liver and released into the surrounding medium (serum). A 
summary of the data of other perfusion experiments is presented 
in Table I. The rate of amylase production varied considerably, 
but in all instances a significant increase in amylase activity 
occurred. 

Since the oligoglucosidase level in the perfusate did not in- 
crease during the experiments, it is concluded this enzyme was 
not produced by the liver in significant amounts, at least under 
the present experimental conditions. 
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TaBLeE 
Amylase Production by Perfused Rat Liver 


Perfusion media. Experiment 5: nutrientmedium. Experiment 
6: 80 ml of rabbit erythrocytes, 170 ml of nutrient medium, bovine 
albumin, final concentration 20 mg per ml. Experiment 7: 80 ml 
of rat erythrocytes, 170 ml of nutrient medium, bovine albumin, 
final concentration 25 mg per ml. Experiment 8: 110 ml of rat 
erythrocytes, 170 ml of nutrient medium, bovine albumin, final 
concentration 20 mg per ml. Experiment 9: 150 ml of rabbit 
cells, 130 ml of nutrient medium, bovine albumin, final concentra- 
tion 20 mg per ml. Experiment 10: 80 ml of rat cells, 170 ml of 
nutrient medium. 

A unit of amylase is defined as the enzyme required to produce 
an increase in reducing power equivalent to 1 umole of glucose 
per minute. 


| 
| g min | pmoles units units 
120 255 38 90 
6 | 13.7 90 130 78 73 
7 6.9 175 «1340 54 45 
8 Ya 120 1900 27 87 
9 7.9 50 | 222 16 53 
10 | 12.3 120 1620 51 75 
DISCUSSION 


The results presented allow the evaluation of certain postulates 
discussed in the introduction concerning the role of liver amylase. 
The absence of demonstrable oligoglucoside production in the 
perfused liver system strongly limits the quantitative significance 
of the liver amylase-serum oligoglucosidase pathway of glucose 
production (Postulate 3). This process is presumably limited 
by the inaccessibility of liver amylase to glycogen substrate, or 
perhaps more probably by impermeability of the cell membrane 
to oligoglucosides. Under normal conditions this pathway must 
contribute less than one-tenth of the total glucose produced by 
the liver. 

As stated above, the liver amylase oligoglucosidase path- 
way (Postulate 1) is presumably operative, but can contribute 
only a minor fraction of glucose output because of the low level 
of the latter enzyme. In addition, a role of liver amylase in 
production of glycogen primer molecules (Postulate 2) is both 
reasonable and supported by experimental evidence. 

The considerable production of amylase by the liver during 
the course of the perfusion experiment is strong evidence for the 
role of the liver in the production of serum amylase (Postulate 4). 
In favorable circumstances, the perfused liver preparations pro- 
duce in 1 hour the equivalent of the amylase activity found in 
the total serum in the animal. It is not possible to conclude, 
however, that the liver is the sole or even the major source of 
the serum enzyme, since the rate of turnover of this enzyme has 
not been determined. It has long been presumed that the pan- 
creas is the major source of serum amylase, but there is no con- 
vincing evidence favoring this supposition. On the other hand, 
there is indirect experimental evidence substantiating the exist- 
ence of another source. For example, serum amylase levels of 
depancreatized rats remain normal (19, 20). The recent studies 
of McGeachin and Reynolds (20, 21) indicate a clear difference 
in the immunological response of liver and serum amylase in 
certain animals (pig and dog). If the liver enzyme is a free 
entity in these experiments, then it must be concluded that a 
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major fraction of the serum amylase is not derived from the liye, 
However, the major part of liver amylase is particulate, ang 
therefore it is probable that the differences obtained are related 
to a physical barrier rather than to inherent differences in the 
serum amylase and liver amylase. A study of the immunologicg 
relationship of amylase produced by the liver and of pancreatie 
and salivary gland would be desirable for the resolution of this 
question. 

The relatively rapid rate of amylase production by the live 
emphasizes the present ignorance of the role of the serum amyl. 
ase. Several possible functions may be suggested: (a) hydroly. 
sis of polysaccharides in serum arising from cell damage o 
death and from direct absorption from the gut; (6) an auxiliary 
source of amylase found in the intestinal wall; (c) a source of 
salivary amylase. 
matter of course if there is a significant source of serum poly. 
saccharide. The second is possible but is not inherently at. 
tractive because of the relatively enormous quantity of amylase 
secreted by the pancreas into the digestive tract. With re. 
spect to the third, the salivary gland has been implicated ag 4 


source of synthesis of amylase; however, its known function } 
as a secretory organ (and in birds as an excretory organ) suggests f 
the possibility that some of the salivary amylase at least may [ 


be absorbed from the serum and secreted by this gland. This 
possibility appears amenable to experimental test. | 

The wide variation in the rate of accumulation of amylase in 
the perfusate emphasizes the problem of the definition of the 
factors regulating the elaboration of amylase. At least some of 
the differences may be related to the functional state of the liver, 
but other factors may be operative; for example, the lowest 
amylase production was observed in the livers which had been 
exposed to glucagon. 
that Prior and Berthet (22) have reported an inhibition by 
glucagon of amino acid incorporation into proteins. 


The rapid and pronounced effects of phloretin and of carbon | 
tetrachloride on permeability of the liver cells to oligoglucosides | 
and on release of amylase, glutamic oxalacetic transaminase, and _ 
lactic dehydrogenase suggest that the primary effects of these | 


compounds may be at the cell membrane. The effects of CCl 


on oxidative phosphorylation (23) may arise as a result of liver | 


cell wall damage. It has been shown that respiratory control in 
some liver cell preparations with altered permeability is lost 
spontaneously (6). The fact that liver slices and cell prepara- 
tions of the type used in these studies (1) readily produce oligo- 
glucosides, and that intact functional liver does not unless treated 
with various agents known to have deleterious effects, suggests 
that the permeability of the liver cell and slice systems has been 


altered. The isolated liver perfused with a reconstituted, par- | 
tially defined medium would appear to offer a fairly convenient, | 
and perhaps more reliable preparation for studies which require | 


or imply intact functional) cells. 


SUMMARY 


1. Intact isolated rat livers have been perfused with a recon- 
stituted partially defined medium. In this system, the rate of 
glucose production into the perfusion medium is markedly stim- 
ulated by glucagon. 

2. Oligoglucosides are not produced in significant quantities 


by the perfused liver in the presence or absence of glucagon. 


The addition of oligoglucosidase to the perfusion medium does 
not affect the rate of glucose production. Exposure of the intact 


The first of these possibilities follows ag q f 


In this connection, it is interesting to note | 
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liver to various disruptive treatment, e.g. hypotonicity, carbon 
tetrachloride, or phloretin, results in oligoglucoside accumulation 
in the perfusion medium. 

3 It is concluded that the liver amy lase-serum oligoglucosi- 
dase pathway for the production of serum glucose is not quanti- 
tatively significant in the rat. 
regard of various liver cell and slice preparations and intact per- 
fused liver is emphasized. 

4, Amylase is released by isolated rat livers into the medium 
during the course of a perfusion experiment. The amylase of 
the liver tissue remains constant. On the other hand, glutamic- 
oxalacetic transaminase and lactic dehydrogenase are not released 
into the perfusion medium normally, but only after various dis- 
ruptive treatments. It is concluded that normal rat liver pro- 
duces amylase and must be a source of serum amylase. 
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Studies of the accumulation of phospholipids in the aortic 
intima of cholesterol-fed rabbits have been reported previously 
from this laboratory (1-4). After P*-phosphate injection, it was 
found that the phospholipid specific activity was higher in aortic 
intima than in plasma, and that this difference in specific activ- 
itv was accentuated in eviscerated animals. Although this 
study gave evidence for the synthesis of the phosphate moiety 
of phospholipid in the aorta, the site at which the carbon skeleton 
of the molecule was synthesized still had to be established. In 
the present study rabbits were treated by injection with sodium 
acetate-1-C™ to measure the incorporation of this label into the 
phospholipids and other lipids of plasma and intima. 


EXPERIMENTAL PROCEDURE 


kight-week-old New Zealand albino rabbits were fed for 4 
months a diet of Purina rabbit chow containing 1 g of cholesterol! 
suspended in 2.6 g of Kopald? per 100 g of diet. Under sodium 
pentobarbital anesthesia these animals were then either sham- 
operated upon or the intestinal tract, spleen, and kidneys were 
removed and the liver isolated by ligation of portal vein and 
hepatic artery as described previously (5). In all animals a 
tracheal cannula was inserted and CQ, collected in 10% NaOH. 
A catheter was inserted into the internal jugular vein for blood 
sampling and in the eviscerated animals for administration of 
glucose at 3-hour intervals (5). Eviscerated animals were kept 
warm by application of external heat. Approximately 1 me of 
sodium acetate-1-C™ was injected into the ear vein. Blood 
samples, taken at intervals during the experimental period in 
syringes wetted with 2.5% Mepesulfate,? were centrifuged at 
1000 x g for 15 minutes. At the end of the experiment the 
animals were killed by an intracardiac injection of air. The liver 
and thoracic aorta were removed and the aortic intima was 
separated from media and adventitia. 

Tissues were minced and ground with sand in methanol. 
Tissues and plasma were soaked in 20 volumes of 2:1 (volume 
per volume) chloroform-methanol* overnight, and all samples 


* This work was supported by a grant, H-2181, from the Na- 
tional Heart Institute of the National Institutes of Health. 

+t Present address, Chronic Disease Research Institute, Buffalo 
14, New York. 

t Career Investigator of the American Heart Association. 

1 Courtesy of Dr. Harry J. Robinson, Merck and Company, 
Rahway, New Jersey. 

2 Kopald is a mixture of 75% cottonseed and 25% soybean oil 
hydrogenated to an iodine value of 62 to 65 with a melting point 
of 40-41.7° and a maximum of 0.05% free fatty acid. We wish to 
thank Humko Products for their kind contribution of this shorten- 
ing. 

3 Mepesulfate (Roche) is the sodium salt bf sulfated polygalac- 
turonic acid methy! ester methyl! glycoside. 

4Chloroform and methanol were technical grade distilled sol- 
vents. 


were washed according to a slightly modified method of Folch 
et al. (6). The washed samples, containing less than 1 mg oj 
lipid P, were then placed on columns (15 X 25 mm) containing 
1 g of nonactivated silicic acid-Super-Cel® (1:1), and the glye. 
eride, cholesterol, and cholesterol ester were eluted with 20 ml of 
chloroform. The subsequent addition of 20 ml of methanol 
eluted the phospholipids. Fractionation into noncholine-cop. 
taining phospholipid, lecithin, sphingomyelin, and lysolecithin 
was achieved by the method of Newman et al.®  Silicie acids 
(4 g), freshly activated by heating at 120-130° for 48 hours, was 
mixed with chloroform and transferred to a 10- x 100-mm 
column with a 250-ml solvent reservoir. The silicic acid was 
packed with sufficient pressure from dried air (approximately | 
pound per sq. in.) to maintain a flow rate of 0.5 ml per minute. 
The phospholipid sample in about 10 ml of chloroform was added, 
and the pressure increased gradually to 4 to 5 pounds to maintain 
the flow rate at 0.5 ml per minute. The eluates from the column 
were automatically collected through a volumetric siphon in 5-ml 
fractions. Loads from 78.6 to 740 ug of phospholipid phosphorus 
have been used with satisfactory results. When the sample had 
completely entered the column, it was washed with an additional 
30 ml of chloroform which eluted most of the neutral lipids. 
Approximately 40 to 50 ml of 20% methanol in chloroform 
(volume per volume) was then added to the column to elute the 
noncholine-containing phospholipids. The choline-containing 
phospholipids, which were left on the column, were separated by 
adding a series of solvents as follows: 125 to 140 ml of 40% 
methanol in chloroform (volume per volume) eluted lecithin; 50 
to 80 ml of 60% methanol in chloroform (volume per volume) 


eluted sphingomyelin; finally, 50 ml of methanol eluted lyso- — 


lecithin. 


Paper chromatography (7) of the fractions from the columns — 


run against standards revealed that the fraction eluted with 20% 
methanol had the Rp of phosphatidylethanolamine and -serine; 
the second peak of the fraction eluting with 40% methanol gave 
one spot with the R, of lecithin; the fraction eluted with 60% 
methanol had the R»- of sphingomyelin with a small contaminant 
having the R,- of lecithin; and the fraction eluted with methanol 
had the Rr of lysolecithin. 


Phospholipid phosphorus was determined by the method of | 


King (8) or on small samples by the procedure of Chen et al. 
(9). 
neutral lipids (Fraction II) by the chromatographic technique 
of Van Handel (10). The column separations were monitored 
by testing the eluates by the paper chromatographic technique 


‘Mallinckrodt silicic acid, 100 mesh, suitable for chromato- 
graphic analysis by the method of Ramsey and Patterson, Johns- 
Manville Hyflo Super-Cel. 

6 Manuscript in preparation. 
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of Dieckert and Reiser (11), except that the solvent used for 
developing the paper chromatogram was 10% chloroform in 
petroleum ether, b.p. 60-70° (Skellvsolve B). The two fractions 
were saponified at 60-80° for 60 minutes with 1 ml of 2.56% KOH 
inisobutanol per 10 mg of total lipid. The substitution of iso- 
butanol for ethanol improved the saponification, probably by 
increasing the solubility of the cholesterol esters. The saponi- 
feation mixture was acidified with glacial acetic acid and evap- 
orated in a water bath with the continuous addition of petroleum 
ether until all isobutanol had evaporated. The acidification 
before the removal of isobutanol was required to prevent the 
degradation of cholesterol. To convert the fatty acids to soaps, 


the residual petroleum ether was removed in a water bath, and 


the dried samples were mixed with 10 ml of 2.5% NaOH in 
95°; ethanol and heated to 45° for 10 minutes. The nonsaponi- 
fable fraction was extracted with petroleum ether. After this 
separation the sterols were precipitated with digitonin according 
to Sperry and Webb (12). However, for large samples the 
petroleum ether was evaporated and the residue redissolved in 
95% ethanol to a concentration of 1 mg cholesterol per ml. 
This was acidified with 2 drops of 10% acetic acid per ml, and 
cholesterol digitonides were formed by the addition of an equal 
volume of 1.25°% digitonin in absolute ethanol. After vigorous 
shaking and standing overnight, the samples were washed 
according to Sperry and Webb (12) and split by the Schoen- 
heimer-Dam procedure (13). Aliquots were taken for measure- 
ment of C4, and cholesterol was determined by the method of 
Zak et al. (14). The pooled alkaline phase containing the soaps 
was acidified with H.SO,y. Fatty acids were separated by ex- 
tracting three times with petroleum ether, b.p. 60—70° (Skelly- 
solve B), and aliquots were taken for radioactive measurement 
and for fatty acid determination by the method of Bragdon (15). 
Lipid-C4 was measured with a Packard liquid scintillation 
spectrometer, with an efficiency of 53%. Aqueous NasC¥O; 
was measured in a Micromil window gas flow counter by pipet- 
ting 1-ml aliquots from the sodium hydroxide traps into planchets 
and counting the samples immediately. 


RESULTS 


Table I shows the increase in phospholipid and triglyceride 
specific activities in the plasma of eviscerated and noneviscerated 


_ rabbits. Most of the plasma lipid specific activities increased 
gradually during the 5-hour experimental period, but the plasma 
phospholipid and triglyceride specific activities of eviscerated 


rabbit number 4 reached a maximum early in the experiment. 
The phospholipid specific activities in noneviscerated animals 
reached values of 314 and 103 at 5 hours. These values were 
higher than those for the eviscerated rabbits. The concentra- 
tions and specific activities of phospholipid and glyceride in 
intima of eviscerated and noneviscerated rabbits are also found 
in Table I. Phospholipid specific activities represent the radio- 


_ activity found in the whole molecule per umole of phosphorus, 
and glyceride specific activities are given as the radioactivity in 


the fatty acid portion of the molecule per umole of fatty acid. 

In eviscerated rabbit number 1, which survived for only 2 hour, 
intima to plasma phospholipid specific activity ratio was 74. In 
other animals which lived for 5 hours, the terminal intima to 
plasma phospholipid specific activity ratios were 11 and 35 in 
the eviscerates, and 1.3 and 4.2 in the noneviscerates. 

The phospholipid fractions of terminal plasma and intima 
were separated into noncholine-containing phospholipid, leci- 
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TABLE [ 
Specific activities of phospholipids and triglycerides in 
cholesterol-fed rabbits after Na acetate-1-C™ injection 
Phospholipid? ue 
Animal No. Tissue 
Concen- | Specific | Concen- | Specific 
tration | activity®| tration | activity 
pmoles/g umoles/g 
Eviscerated 
1 2-hr. plasma 8.60 7.15, 2.16 | 71.5 
Intima 19.4 | 527 7.44 |244 
2 3-hr plasma 11.2 0.800 
13-hr plasma 2.00 | 36.0} 9.29) 1.34 
3-hr plasma 2.41 | 92.4) 10.3 2.09 
5-hr plasma 3.79 | 95.1) 9.75 11.3 
Intima 25.1 (1003 57.9 | 43.1 
4 1-hr plasma4 3.48 | 42.2) 4.40 |118 
13-hr plasma4 3.59 | 10.0; 4.00 | 29.0 
3-hr plasma 2.78 28.2) 5.50 93.1 
5-hr plasma 5.81 23.9) 4.34 18.9 
Intima 31.1 | 837 43.3 (190 
Noneviscer- 
ated 
3 _ | 2-hr plasma 4.74 | 26.2 | 22.4 | 53.1 
13-hr plasma 6.96 | 81.5 | 22.0 
3-hr plasma 6.28 | 320 22.6 (226 
5-hr plasma 5.36 | 314 15.1 (362 
Intima 12.2 | 407 40.4 7.40 
5 1-hr plasma 8.86 | 19.1) 8.45 | 31.5 
13-hr plasma 7.92 | 43.4 | 9.20 | 47.7 
3-hr plasma 8.46 | 66.6 |} 10.3 | 53.3 
5-hr plasma 6.60 | 103 8.40 117 
Intima | 34.1 | 434 15.0 | 84.7 


* Phospholipid specific activities represent the radioactivity 
found in the whole molecule per umole of phosphorus. 

’ Triglyceride specific activities represent the radioactivity in 
the fatty acid portion of the molecule per umole of fatty acid. 

¢ Specific activities multiplied by suitable factors so that in- 
jected doses are equalized. 

4 It seems likely that the 1- and 13-hour samples were inter- 
changed inadvertently. 


thin, sphingomyelin, and lysolecithin as shown by representative 
curves (Fig. 1). A comparison of terminal plasma and intimal 
specific activities in one of the eviscerated animals (Table I1) 
shows that all intimal phospholipid fractions had considerably 
higher specific activities than did the corresponding terminal 
plasma samples. In the noneviscerated animal the specific 
activities of only the noncholine-containing phospholipids and 
lecithin were higher in intima than plasuia. 

Table I shows the intimal triglyceride specific activities in the 
eviscerated and sham-operated rabbits. In the former, the 
specific activity of the triglyceride was from 3.4 to 10 times that 
of the terminal plasma. In the latter, the plasma specific activ- 
ity exceeded that of the intima. The accentuation of the 
difference in specific activities of intimal and plasma lipids in evis- 
erated-nephrectomized rabbits was due to suppression of synthe- 
sis of plasma phospholipids and triglycerides by removal of the 
viscera. ‘To ascertain whether the triglyceride was pure or 
actually a mixture of mono-, di-, and triglyceride and fatty 
acids, the neutral lipid fractions from plasma and aortic intimas 
of other rabbits fed cholesterol were chromatographed on silicic 
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Fic. 1. Representative silicic acid column fractionation of terminal plasma (left) and intima (right) phospholipids of choles. 
terol-fed rabbits: 20% methanol elutes noncholine-containing phospholipids; 40% methanol elutes lecithin in plasma, and jn 
intima elutes first an unidentified peak, then lecithin; 60% methanol elutes sphingomyelin; and 100% methanol elutes lysolecithin. 


TABLE II 


Specific activities* of phospholipid fractions from rabbits treated by 
injection with Na acetate-1-C' 


TABLE III 


Specific activities of cholesterol and cholesterol ester in cholesterol-fed 
rabbits after Na acetate-1-C' injection 


Noncholine Lecithin Sphingomyelin | Lysolecithin 

Animal No. Ter- Ter- Ter- Ter- 
Intima | minal |Intima!’ minal | Intima minal ‘Intima! minal 
plasma plasma plasma plasma 


4 (eviscer- 1540 | 79.5 | 847 | 18.9 :232 8.261128 | 28.0 


ated) 
5 (nonevis- 553. «63.7 | 485 63.0 43.5 | 41.2 | 60.5) 44.1 


cerated) 


*As counts per minute per umole multiplied by suitable 
factors so that injected doses are equalized. Specific activities 
represent the radioactivity found in the whole molecule per 
umole of phosphorus. Measurements were made 5 hours after 
acetate injection. 


acid-impregnated paper prepared by the method of Dieckert 
and Reiser (11) with a solvent system of 250:1 (volume per 
volume) Skelly B (b.p. 60-70°)-methanol. In this system mono- 
glyceride gave an Ry of 0.16, diglyceride and free fatty acid an 
Ry of 0.69, cholesterol an Ry of 0.88, whereas triglyceride and 
cholesterol ester were front-running. In plasma and intima 
samples only two spots could be discerned, one with the Rr of 
cholesterol and the other with the R,» of triglyceride. Therefore, 
the triglyceride in Fraction II was judged not to be contaminated 
with diglyceride, monoglyceride, cholesterol ester, or free fatty 
acid. 

The specific activities of free and esterfied cholesterol found 
in Table III are expressed as counts per minute in the cholesterol 
fraction per umole of cholesterol. Since both fractions were 
carried only through the digitonide step for purification, the 
radioactivity given may be higher than that found in pure cho- 


Free Cholesterol ester 
Experi- cholesterol® cholesterol 
Tissue mental 
i= period | Concen- | Specific | Concen- Specific 
Z tration activity? | tration | activity’ 
hrs pmoles/g umoles/g 
1 | Intima 0.75 | 19.5 24.4) 
Terminal plasma 0.75 | 9.48 10.4 
2 | Intima 5 81.0 | 1.67 | 120 0.595 
Terminal plasma 5 5.07 | 9.4 6.50 0.922 
4 | Intima 5 75.7 | 0.212 | 109 0.0224 
Terminal plasma 5 6.50 | 1.58 20.5 | 0.29 
3 | Intima 5 44.7 | 0.636 | 75.6 | 0.122 
Terminal plasma 5 18.2 | 3.64 32.4 | 2.58 
5 | Intima 5 71.0 | 0.1382 | 67.2 | 0.023 
Terminal plasma 5 14.2 | 0.086 35.2) * 


¢ Free and esterified cholesterol specific activities are expressed 
as counts per minute in the cholesterol fraction per umole. 

» Specific activities multiplied by suitable factors so that in- 
jected doses are equalized. 

¢ Less than 2 c.p.m. in total sample. 


lesterol, because of contamination with high counting compan- 
ions. Nevertheless, the total radioactivities in both cholesterol 
fractions were much lower than in the triglyceride and less than 
1% of that in the phospholipids. In contrast to the high ratios 
of intima to plasma phospholipid specific activities in the evis- 
cerates, similar ratios for cholesterol and cholesterol ester were 
less than 1. From these data one cannot conclude that intimal 
cholesterol was derived from synthesis. Neither can synthesis 
be denied on the basis of these experiments, since the low specific 
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activity may be the result of a low rate of incorporation into the 
preformed cholesterol pool of the aortic intima. 

The eviscerated animals expired as CO2 19.7 and 20.4% of the 
injected dose in the 5-hour experimental period, and the sham- 
operated animals expired 32.2 and 22.2% of the injected dose as 
CO. in the same interval. According to these findings there was 
little difference in the magnitude of the acetate pool sizes in the 
eviscerated and sham-operated animals. 


DISCUSSION 


When Chernick et al. (16) incubated rat aorta with randomly 
labeled C4-acetate, C'-labeled fatty acids could be isolated, 
but too little label was found in thé¢ digitonin-precipitable mate- 
rial to permit the accurate determination of radioactivity. In 
contrast, others have shown that, tn vitro, normal (17, 18) and 
“selerotic” (17) arterial tissues of rabbits convert C'*-labeled 
acetate to nonsaponifiable lipid and fatty acid to the same ex- 
tent. This indicates metabolic activity in the aorta of the nor- 
mal as well as of the cholesterol-fed rabbit, but the nonsaponifi- 
able lipid had only one-third of the total lipid C. Cholesterol 
synthesis in vitro was also observed by Azarnoff (19) who found 
that cholesterol purified through the dibromide exhibited radio- 
activity when C"*-labeled acetate was incubated with normal 
rabbit aorta. However, Werthessen and Schwenk (20) have 
shown with pig liver that great increases in cholesterol synthesis 
occurred when the liver was cut or pounded with a brush. This 
casts considerable doubt upon the estimation of rates of choles- 
terol biosynthesis in the intact animal from data derived from 
experiments in vitro. 

Our data concerning cholesterol synthesis in vivo in the rabbit 
aorta show that a very small proportion of the C'*‘-acetate is 
incorporated into digitonin-precipitable material. In a series of 
experiments in which Biggs and Kritchevsky (21) compared 
aortic cholesterol in rabbits fed either tritium-labeled cholesterol 
or tritium-enriched water, they observed that the rabbit athero- 
sclerotic aorta derives most of its plaque cholesterol from plasma 
rather than from endogenous synthesis. Experiments in our 
laboratory in which cholesterol-4-C“ was fed to rabbits have 
confirmed these findings.* Schwenk and Stevens (22) and Dury 
and Swell (23) similarly showed entrance of labeled plasma cho- 
lesterol into rabbit aortas. 

Synthesis in vitro of P-labeled phospholipids in norma] rat 
aorta was first demonstrated by Chernick et al. (16). Our own 
experiments in intact rabbits (1) confirmed the ability of the 
normal artery to synthesize phospholipids from P*-phosphate 
and indicated the possible role of arterial phospholipid synthesis 
in the development of lipid lesions in the aortas of cholesterol-fed 
rabbits. In agreement with the C'-acetate experiments re- 
ported in this paper, we observed that evisceration accentuated 
the difference in specific activity of P®?-labeled phospholipids be- 
tween artery and plasma. In the P® experiments the removal 
of liver, intestines, and kidneys from the circulation lowered the 
incorporation of P® into plasma phospholipids to nearly one- 
tenth that observed in the sham-operated animals, yet the in- 
corporation of P* into intimal phospholipids of the two groups 
of animals did not differ (3). These experiments clearly indicate 
that the phosphate moiety of the intimal phospholipid originated 
in the atheroma but do not, of course, prove that the carbon 
skeleton of the phospholipids had a similar origin. The experi- 
ments in the present paper lend evidence toward the concept 
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that phospholipid fatty acids are also synthesized by the arterial 
wall. 

After the injection of C'-acetate, C' could be incorporated 

into arterial phospholipids in one of three ways: (a) the transfer 
of intact labeled phospholipids from plasma to aorta, (6) the 
interesterification of fatty acids between plasma and aortic phos- 
pholipids, and (c) the incorporation of C'-acetate into aortic 
phospholipid fatty acids by the metabolic activity of the arterial 
wall. 
By these three hypotheses one could explain a specific activity 
of lipid in the artery that is higher than the specific activity of 
the corresponding lipid in the terminal plasma in two ways: (a) 
the arterial lipids are synthesized in situ, or (6) the arterial lipids 
are derived from plasma and the specific activity of the plasma 
lipid reaches a maximum before the termination of the experi- 
ment. The second alternative was ruled out in all animals 
except rabbit number 4 in which early plasma phospholipid and 
triglyceride samples exhibited higher specific activities than the 
corresponding 5-hour terminal samples. In this animal the ratio 
of the terminal aortic lipid specific activity to the maximal 
plasma lipid specific activity might be of greater value in exclud- 
ing the plasma lipid as a source of arterial lipid. This ratio is 
20 for the total phospholipid and 1.6 for the triglyceride. These 
ratios are of the same order of magnitude as the ratios of the 
specific activities of terminal arterial lipids to terminal plasma 
lipids in the other two eviscerated rabbits (numbers 1 and 2) 
which are 74 and 11 for the phospholipids and 3.4 and 3.8 for 
the triglycerides. It appears, therefore, that both phospholipids 
and triglycerides of the atheromatous aorta are largely synthe- 
sized in situ. 


SUMMARY 


1. Phospholipid specific activities in the aortic intima of evis- 
cerated, cholesterol-fed rabbits treated by injection with acetate- 
1-C were higher than those in plasma. 

2. In comparing the specific activities of individual plasma 
and intimal phospholipid classes, viz. noncholine-containing phos- 
pholipids, lecithin, sphingomyelin, and lysolecithin, it was found 
that all intimal phospholipids had higher specific activities than 
the corresponding terminal plasma phospholipids. 

3. Intimal triglyceride specific activities of eviscerated rabbits 
exceeded those of the terminal plasma samples, but in the sham- 
operated animals the plasma specific activities were higher than 
those of the intima. 

4. The degree of incorporation of label into free cholesterol 
in the cholesterol-fed rabbit intima was less than 1% of that 
going into phospholipid. An even lower incorporation was ob- 
served in the ester cholesterol. 

5. Apparently phospholipids and triglycerides of atheromatous 
lesions are synthesized in situ, although the data furnish no proof 
that cholesterol is derived from local synthesis. 
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Studies by Horowitz (1) have shown that an artificially 
produced choline-requiring mutant of Neurospora crassa, strain 
47904, accumulates large amounts of N-monomethylethanol- 
amine, and that most of the base is present in bound form in 
the lipid components of the mycelium. The presence of N- 
monomethylethanolamine in the phospholipid fraction of strain 
47904 was confirmed by Hall and Nyc.' In addition Wolf and 
Nye found that the mutant strain 47904 accumulates N, N- 
dimethylethanolamine (3), and the phosphate esters of both 
monomethyl- and dimethylethanolamine (2). A quantitative 
estimation of the mixtures of amines obtained by hydrolysis of 
the lipid fraction (4) revealed that in this mutant of N. crassa, 
strain 47904, the phosphatidyl derivatives of monomethyl- and 
dimethylethanolamine replace most of the lecithin normally 
ound in N. crassa. The incorporation of N,N-dimethyl- 
ethanolamine into the phospholipids of rat liver after the ad- 
ministration of a single large dose of dimethylethanolamine (5), 


and into the phospholipids of isolated liver tissues of rats (6) 


was shown by Crowder and Artom. The incorporation of di- 
methylethanolamine into the phospholipids of rat liver slices or 


- homogenates was confirmed by Artom (7) by means of C!- 
labeled dimethylethanolamine. 
_ anolamine was characterized by chromatography of the intact 
_ phospholipid on silicic acid, and by steam distillation and _ pa- 
_ perchromatography of the products of partial or total hydroly- 
_ ss. Similarly Artom, Lofland, and Oates (8) demonstrated the 
~ accumulation of diethylethanolamine in the phospholipids of 
tats that have been fed this amine for several days. 
. diethylethanolamine is present as a component of a phospholipid 
_ that is structurally analogous to cephalin. 


The phosphatidyldimethyleth- 


The 


Bremer and Greenberg, studying the biosynthesis of choline 


in the liver of the living rat (9) and in rat liver homogenates (10) 
_ by means of methyl-C'-methionine as precursor, observed the 
formation of radioactive phospholipids. 
_ short duration (20 minutes and less), the isolated phospholipids 
ohydrolysis yielded radioactive N-methylethanolamine, N ,N- 
 dimethylethanolamine choline. 
_ methylethanolamines in the hydrolysis products of phospholipids 
formed in short term experiments suggests that N-monomethyl- 
and V,N-dimethyleephalins are transient intermediates in the 
__ biosynthesis of lecithins. 
_ occurrence of N-monomethyl- and N,N-dimethylcephalins is 
thus considerable. 


In experiments of 


The presence of the 


The current evidence for the biological 


This fact, and their role as probable inter- 


" Alternative name: Phosphatidyl(N-methyl)ethanolamine. 
‘Unpublished experiments by Hall and Nye (see Footnote 2 
of reference (2)). 


mediates in the biosynthesis of lecithins, seemed sufficient justifi- 
cation to warrant their chemical synthesis. 

In multiple sclerosis, it is known from histological evidence 
that lipids disappear during demyelination, indicating a disturb- 
ance of lipid metabolism. It has been suggested by Sperry and 
Waelsch (11) that there must be an imbalance between synthesis 
and breakdown. Either the synthesis is blocked while the break- 
down proceeds at normal or abnormal rate, or the process of 
breakdown is speeded up so that it exceeds the rate of synthesis. 
The incomplete synthesis of lecithins by the mutant strains of 
N. crassa suggested to us the possibility of still another cause for 
the disturbance of the phospholipid metabolism in multiple 
sclerosis, viz. either a partially inhibited or a defective enzyme 
system, either of which would prevent the complete formation 
of the normal phospholipids. The intermediates, unable to 
carry out the biological functions of the normal end products of 
phospholipid synthesis, either are not deposited at the site of 
the usual products, or, if formed in situ, are removed more rapidly 
than the phosphatides they supplant. Synthesis of N-alkyl- 
substituted cephalins would make available the products of the 
arrested biosynthesis of lecithins, and render possible the testing 
of this hypothesis. 

v.24, p- 559 
EXPERIMENTAL PROCEDURE 

Materials—v-a ,B-Distearin was prepared from_ p-acetone 
glycerol (12) via L-a-benzyl glycerol ether by the method of 
Sowden and Fischer (13), except that in the preparation of the 
L-a-benzyl glycerol ether use was made of several modifications 
introduced by Howe and Malkin (14) for the synthesis of the 
corresponding racemic compound. The benzyl ether of p- 
a ,8-distearin was freed of its protective benzyl group by catalytic 
hydrogenolysis using, however, a palladium catalyst, prepared 
as described below, instead of platinic oxide (13). The distearin 
was recrystallized from chloroform and low boiling petroleum 
ether (15). If the specific rotation of the distearin was still 
unsatisfactory (less than 32.7°), it was purified by passing its 
solution in benzene over silicic acid (Mallinckrodt), washing the 
column with benzene until the effluent was free of solute, and 
recovering the pure D-a,@-distearin with a mixture of benzene 
and ether (3:1, volume for volume), [a]; —2.9° in chloroform 
(c, 6). 

Commercial N-methylethanolamine was purified by fractional 
vacuum distillation, and the fraction distilling from 55-56° at 
16 mm was used for the preparation of N-carbobenzoxy-N- 
methylethanolamine. The phenylphosphoryl dichloride was 
prepared by the procedure of Zenftman and McGillivray (16), 
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Fic. 1. Infrared spectrum of distearoy! L-a-glycerylphosphory]- 
(N-methyl)ethanolamine. Beckman IR-5 infrared spectro- 
photometer. Solvent: ethanol-free chloroform. Concentration 
of phosphatide in chloroform,5.6%. Path of cell, 0.093 mm. 


and the material was purified by vacuum distillation, collecting 
the fraction distilling from 103°-106° at 9 mm (bath temperature 
from 125-130°). The carbobenzoxy chloride was prepared as 
described by Carter, Frank, and Johnston (17). It was freed of 
most of the solvent by keeping the chloride at room temperature 
in a vacuum (0.1mm). The material thus obtained has a purity 
of approximately 95%. Magnesium oxide (Analar) marketed by 
the British Drug Houses, Ltd., proved to be the most satisfac- 
tory of several commercial magnesium oxides for the preparation 
of N-carbobenzoxy-N-methylethanolamine. Ethanol-free chloro- 
form was prepared immediately before use, by distilling chloro- 
form over phosphorus pentoxide. Anhydrous pyridine, and 
platinic oxide (Adams catalyst) were prepared as described in 
earlier publications from this laboratory (18). Benzene for 
chromatographic purposes was obtained by drying thiophene-free 
benzene with calcium chloride, distilling the benzene, and re- 
jecting the first 10% of the distillate. The silicic acid was 
Mallinckrodt, 100 mesh (powder), analytical reagent. It was 
used as provided by the manufacturer. All experimental con- 
ditions stated in this paper for the chromatographic separation 
of the various substances are for this particular silicic acid. 
The palladium catalyst was prepared by the reduction of pal- 
ladium chloride with formic acid as described by Tausz and 
Putnocky (19), except that the palladium black, after having 
been washed thoroughly with water, was treated with several 
portions of fresh glacial acetic acid to remove water, and then 
was stored under glacial acetic acid. The glacial acetic acid 
was refluxed for 6 hours over potassium dichromate, and distilled 
with the exclusion of moisture. 

Methods—As far as we are aware, neither the isolation from 
natural sources nor the chemical synthesis of an individual 
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N-methyleephalin has been reported. A phosphatide of this 
type, containing two identical fatty acid substituents, theoretic. 
ally can occur in either one of three isomeric forms, 7.e. in the 
L-a-, D-a-, or B-form. Studies in this laboratory regarding the 
structure and configuration of naturally occurring glycerophos. 
phatides have revealed that those investigated have possessed the 
a-structure and L-configuration 15, 18, 20-26. It seemed mos 
appropriate therefore to prepare first the isomer with the struc. 
ture and configuration of the natural products. Several methods 
are available: Procedure A, phosphorylation of a D-a,@-diglye. 
eride with phenylphosphory! dichloride and pyridine, esterifics. 
tion of the phenyl ester of the phosphatidyl chloride with NV. 
carbobenzoxy-N-methylethanolamine, and removal of the 
protective groups by catalytic hydrogenolysis; Procedure B, 
phosphorylation of N-carbobenzoxy-N-methylethanolamine with 
phosphorus oxychloride and pyridine, esterification of the N- 
carbobenzoxy-N-methylethanolamine phosphory] dichloride with 
an a,8-diglyceride, and catalytic removal of the benzyl group; 
Procedure C, phosphorylation of a v-a,@-diglyceride with di- 
benzylphosphory! chloride, removal of one of the benzyl groups 
of the reaction product by means of sodium iodide, condensation 
of the silver salt of the phosphatidic acid monobenzy] ester with 
N-(2-bromoethy]l)-monomethylamine, followed by removal of the 
second benzyl group; or Procedure D, condensation of an 
a-iodo-a’ ,8-diglyceride with silver dibenzyl phosphate, removal 
of one benzyl group, condensation of the silver salt of the phos- 
phatidic acid monobenzyl] ester with N-(2-bromoethy])-mono- 
methylamine, and removal of the second benzyl group. 


Because natural N-methylcephalins are not yet available fora | 


comparative check of the structural and optical purity of the syn- 


thetic compounds, it was important that the first representative — 
of this group of phosphatides be prepared by a procedure that — 
could be relied upon to give a structurally and optically pure | 
compound. The first of the four procedures outlined above has | 
been applied in this laboratory to a variety of nitrogenous bases, — 
z.e. choline and N-substituted derivaties of ethanolamine, serine, — 


serylglycylglycine, and has yielded a considerable number of 
glycerophosphatides (15, 21, 23, 25-28). All of these were 
obtained as structurally and optically pure compounds. Hence 
Procedure A, which already had proved its value in the synthesis 
of a variety of optically pure phosphatides, was applied also to 
the synthesis of distearoy] L-a-glycerylphosphoryl-(N-methy))- 
ethanolamine (see reaction Scheme 1). The necessary N-carbo- 
benzoxy derivative of N-methylethanolamine was prepared by 


OC.H; 
H.C—OH OC.Hs H,C—O—P—Cl 
Cl—P—Cl O HOCH:—CH:2N(CH;) 
O OCOCH2CsH:; 
H—C—OOC-R pyridine H— —OOC-R pyridine 
H.C—OOC-R H.C—OOC-R 
p-a,8-Distearin I II 
OC,H; 
H, C—O—P—OCH.—CH2N(CH;) R-COO—CH; 
O 
(1) Pd, He ar 
H—C—OOC-R (2) Pt, Hy” R-COO H 
O 


III 
R = —(CH2):6CHs 


IV. Distearoyl 
(N-methyl) ethanolamine 


SCHEME 1 
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the standard procedure, and was purified by column chromatog- 
raphy. 
RESULTS 


N-Carbobenzoxy-N-methylethanolamine—In a 500-ml_ two- 
necked flask equipped with a mechanical stirrer, and immersed 
inan ice-water bath were placed 12.0 g (0.3 mole) of magnesium 
oxide, a solution of 7.5 g (0.1 mole) of N-methylethanolamine in 
175 ml of distilled water, and 80 ml of ether. To the vigorously 
stirred ice-cold mixture were added dropwise 17.6 g of carbo- 
benzoxy chloride (purity approximately 95%) over a period of 
halfanhour. After 2 hours of stirring, the cold bath was removed, 
and the stirring was continued for another half hour at room 
temperature. The two layers were separated, and the upper 
layer was brought to a volume of 250 ml by adding ether. The 
ethereal solution was washed successively with two 50-ml portions 
of ice-cold 2 N sulfuric acid, two 50-ml portions of an ice-cold 
5% solution of potassium carbonate, and finally with several 
portions of water. The ethereal solution was dried with mag- 
nesium sulfate, the ether was removed by distillation under 
reduced pressure at room temperature using a rotary evaporator, 
and the remaining light-yellowish liquid was dried in a vacuum 
(0.01 mm) at 35°. To obtain pure N-carbobenzoxy-N-methyl- 
ethanolamine, a solution of the crude material (18.7 g) in 30 ml 
of benzene was passed through a column of 300 g of silicic acid 
(Mallinckrodt) moistened with benzene. The column was 
washed with benzene, followed by mixtures of benzene and 
ether (9:1, and 8:2; volume for volume), continuing with each 
solvent or solvent mixture until the effluent proved to be free of 
solute. Approximately the following volumes of solvents were 
required: benzene 2 liters, benzene-ether (9:1) 3.5 liters, and 
benzene-ether (8:2) 2.5 liters. Fractions 1 and 2 contained 
materials (1.8 g and 3.2 g) that were both low in nitrogen content 
(calculated: N 6.69%; found: 0.35 and 1.96%, respectively). 
The third fraction on evaporation under reduced pressure at 
room temperature, and drying of the residue in a vacuum (0.01 
mm) gave 9.35 g (44.7% of theory) of N-carbobenzoxy-N- 
methylethanolamine, a colorless and viscous liquid. nz 1.5227. 
It is soluble at room temperature in ethanol, ether, chloroform 
or benzene, and insoluble in petroleum ether or water. 


Ci:H:;03;N (209.2) 
Calculated: C 63.14, H 7.23, N 6.70 
Found: C 62.72, H 7.34, N 6.65 


The N-carbobenzoxy-(N-methyl)ethanolamine, on vacuum dis- 
tillation gave a product (b.p. 126°/0.2 mm) that contained a 
considerable amount of O-carbobenzoxy-N-methylethanolamine, 
as shown by its infrared spectrum. 

Iistearoyl -a-glycerylphenylphosphoryl N-carbobenzoxy-N- 
methylethanolamine—Into a dry, 200-ml, three-necked flask, 
with ground-glass joints and equipped with an oil-sealed stirrer, 
calcium chloride tube, and dropping funnel, were placed 10 ml 
of dry chloroform, 0.79 ml (5 mmoles) of phenylphosphory] 
dichloride and 0.40 ml (5 mmoles) of dry pyridine. The flask 
was immersed in a water bath at 12°, and a solution of 3.12 g 
(5 mmoles) of p-a,@-distearin in 30 ml of chloroform was added 
dropwise and with stirring to the phosphorylating mixture over 
4 period of 20 minutes. The reaction mixture was kept 1 hour 
at 12°, and another hour at 25°. At the end of this period, 2.0 
ml of pyridine were added. This was followed 10 minutes later 
by the addition of 1.04 g (5 mmoles) of N-carbobenzoxy-N- 
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methylethanolamine in 6 ml of dry chloroform over a period of 
half an hour. The reaction mixture was kept for 20 hours at 
20-25°, and for another 20 hours at 35-40°. It was then brought 
to dryness by distillation under reduced pressure (rotary evap- 
orator) at 40°, and the residue was extracted with three 75-ml 
portions of petroleum ether (b.p. 35-60°). The combined ex- 
tracts were cleared by centrifugation, and the petroleum ether 
was distilled off under reduced pressure at 35°. The residue was 
redissolved in petroleum ether, and the solvent was removed by 
vacuum distillation. This process was repeated two more times 
to remove as much pyridine as possible. Finally, the material 
was kept 6 hours at 40° in a vacuum (0.01 mm). 

The crude material, weighing 2.7 g, was dissolved in 5.0 ml of 
benzene, and the solution was passed through a column of 70 g 
of silicic acid moistened with benzene. The column was washed 
with 750 ml of benzene (Fraction 1), followed by 1 liter of a 
mixture of benzene and ether (9:1, volume for volume) (Fraction 
2). Fraction 2 on distilling under reduced pressure at 30—-35° 
gave a residue weighing 1.22 g. This material was redissolved 
in 5 ml of benzene, the solution was passed over a column of 30 
g of silicic acid, and the column was washed first with 250 ml of 
benzene containing 2% of ether, followed by 500 ml of benzene 
containing 8% of ether. The fraction obtained with benzene 
containing 8% of ether was distilled under reduced pressure, and 
the residue was dried for 6 hours at 40° in a vacuum of 0.01 
mm. The distearoyl L-a-glycerylphenylphosphoryl-N-carbo- 
benzoxy-N-methylethanolamine, a waxlike material, weighed 
0.71 g. It is readily soluble in ethanol, ether, petroleum ether, 
chloroform, or benzene. [a], +2.63° in chloroform (c, 5.5), 
M, +25.6° in chloroform. 


CseHoOioNP (972.3) 
Calculated: C 69.16, H 9.74, N 1.44, P 3.18 
Found: C 69.20, H 9.58, N 1.43, P 3.08 


Distearoyl L-a-glycerylphosphoryl-N -methylethanolamine 


(a) Removal of Benzyl Group—A solution of 0.827 g of distear- 
oyl t-a-glycerylphenylphosphoryl N-carbobenzoxy-N-methyl- 
ethanolamine in 25 ml of glacial acetic acid, and 200 mg of 
palladium black were placed in an all-glass reduction vessel of 
200-ml capacity, and the mixture was shaken vigorously in an 
atmosphere of pure hydrogen at a pressure of 30 to 40 cm of 
water until the absorption of hydrogen ceased (approximately 1 
hour). The hydrogen was replaced by nitrogen, the mixture was 
centrifuged, and the catalyst was washed with two 15-ml 
portions of glacial acetic acid. 

(b) Removal of Phenyl Group—The combined acetic acid 
solutions were returned to the dried reduction vessel, 0.2 g of 
platinic oxide was added, and the reductive cleavage was carried 
out as described above. The reduction was complete in 23 
hours. The hydrogen was replaced by nitrogen, the mixture 
was separated by centrifugation, and the catalyst was washed 
with several small portions of acetic acid. The combined solu- 
tions were brought to dryness by distillation under reduced 
pressure at a bath temperature of 40°. The residue was trit- 
urated successively with three 20-ml portions of 2.5 N acetic 
acid, followed by three 20-ml portions of anhydrous acetone, 
each time separating the mixture by centrifugation. The 
material was dried, and was dissolved in 4.5 ml of dry chleroform. 
To the clear solution gradually was added 99% ethanol until it 
became turbid (approximately 10 ml), and the mixture was 
kept at 4° to complete the precipitation. The precipitate was 
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recrystallized once more from chloroform and ethanol, and then 
was dried at 75° in a vacuum of 0.01 mm. The distearoyl 
L-a-glycerylphosphoryl-N-methylethanolamine weighing 370 mg 
(57.1%), melted from 178-179°.2 It.is readily soluble at room 
temperature in chloroform, or glacial acetic acid, and insoluble 
in ether, petroleum ether, benzene, or ethanol. [a]? +7.5° in 
chloroform (c, 5.7). M, +57.1° in chloroform. 


CyoHgsOsNP (762.1) 
Calculated: C 66.19, H 11.11, N 1.84, P 4.06 
Found: C 66.10, H 11.10, N 1.84, P 3.86 


Chromatography of the distearoyl L-a-glycerylphosphoryl-(.V- 
methyl)ethanolamine on silicic acid-impregnated paper (What- 
man No. 1) by the ascending technique with a solvent system 
(29) consisting of diisobuty! ketone, glacial acetic acid, and water 
(40:25:5, by volume), and treatment of the chromatogram with 
an 0.001°% aqueous solution of Rhodamine 6G (30) gave only 
one fluorescent spot in ultraviolet light. A comparative study 
of the chromatographic behavior of distearoyl L-a-(N-methy]l)- 
cephalin, L-a-(distearoyl)-, and L-a-(dimyristoy]l)cephalin, using 
the same conditions as above, disclosed that the three phospha- 
tides have similar rates of migration. 


DISCUSSION 


The N-methyleephalin was obtained as a crystalline, and 
chromatographically homogenous substance, melting from 
178-179° and possessing a specific rotation of +7.5° in chloro- 
form. Its infrared spectrum in chloroform resembles closely 
that of L-a-(distearoyl)cephalin, except that it possesses additional 
absorption bands at 3.75, 4.10, and 10.4 uw. The band at 10.4 uw 
is not shown by cephalins but is shown strongly by lecithins. 

By following Procedure A, but using different diglycerides and 
N-alkyl-substituted ethanolamines, the synthesis of \-mono- 
alkyl-substituted phosphatides with any desired combination 
of saturated fatty acids and alkyl substituents should be possible. 

L-a-(Distearoyl)cephalin and its N-methyl derivative have 
very similar physical and chemical properties. It may be safely 
assumed that this is true for all corresponding members of the 
two series of phosphatides, thus making the isolation of pure 
individual N-methyleephalins from natural sources a difficult 
task. It is hoped that the availability by synthesis of pure 
individual members of both groups will facilitate the develop- 
ment of methods for their separation in naturally occurring 
mixtures of phosphatides. 

Now that distearoyl L-a-(.V-methyl)cephalin has been synthe- 
sized by a reliable method, and the specific and molecular rota- 
tions, as well as the melting point of the pure substance have been 
established, it may be worthwhile to repeat its synthesis by 
Procedures C or D, both of which may give somewhat better 
vields.* 

2 The melting point was determined in a capillary tube, using 
an electrically heated bath of n-butyl phthalate, and short-stem 
thermometers with a range of 50 degrees. 

3 The greater efficiency claimed for these methods in the prep- 
aration of other phosphatides, however, may be less real than 
imagined, when one bases the calculations for the over-all yields 
of the various procedures on a common starting material, v7z. p- 
acetone glycerol. 
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SUMMARY 


The first chemical synthesis of an N-methylcephalin, riz, 


distearoyl 
reported. It was obtained by phosphorylating , G-disteariy 
with phenylphosphory! dichloride and pyridine, esterifying the 
resulting distearoyl L-a-glycerylphenylphosphory! chloride wit) 


\-carbobenzoxy-N-methylethanolamine, 


and removing the 


protective phenyl] and benzyl groups by catalytic hydrogenolysis 
This member of an interesting although little known group of 
glycerophosphatides furnishes one of the structural links bp. 
tween cephalin and lecithin. 
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Phosphatidylhydroxy proline 


I. SYNTHESIS OF DISTEAROYL 1L-a-GLYCERYLPHOSPHORYL DROXYPROLINE* 


ERIcH BAER AND ALBRECHT ZSCHOCKE 


From the Subdepartment of Synthetic Chemistry in Relation to Medical Research, Banting and Best Department of Medical 
Research, University of Toronto, Toronto 5, Ontario, Canada 


(Received for publication, November 8, 1960) 


In recent years numerous reports have appeared describing 
the isolation of naturally occurring phosphatides containing 
as nitrogenous moieties a variety of peptides... Most of these 
peptides contained at least one hydroxyamino acid, usually 
serine (1, 2). In its absence, either hydroxyproline, threonine, 
or tyrosine were found as peptide components (2). For example, 
of the 13 ‘‘lipopeptides”’ isolated by Schrade, Becker, and 
Bohle (2) from blood by two-dimensional paper chromatography, 
3 contained hydroxyproline as a peptide component. In one of 
the “lipopeptides” it was the sole hydroxyamino acid, in the 
other two it was accompanied by either threonine or tyrosine. 
The occurrence of hydroxyamino acids in the peptide moieties of 
almost all of the ‘“‘lipopeptides” suggests that the peptides are 
bound to the phosphatidic acid via the hydroxyl group of their 
hydroxyamino acid components, as for instance serine in phos- 
phatidylserine. Phosphatidylserine, which was isolated by Folch 
from ox brain, occurs in nature in free form (3-6). As far as we 
are aware, the existence of phosphatidylhydroxyprolines in 
nature, whether free or bound, has not yet been reported. How- 
ever, the presence of hydroxyproline in some of the phosphatidyl] 
peptides (2) make the occurrence in nature of bound phos- 
phatidylhydroxyprolines a distinct possibility. 

Much of the work of this laboratory in the past 12 years has 
dealt with the synthesis of naturally occurring glycerophos- 
phatides, and the elucidation of their structure and configuration. 
An essential part of this program has been the synthesis of phos- 
phatides and biologically related compounds which have not yet 
been isolated from natural sources, but whose existence is sug- 
gested by indirect evidence. Other work has dealt with the 
synthesis of phosphatides which have not yet been shown to 
occur in nature, but which might be expected to possess desirable 
biological properties (7-10). The synthesis of a phosphatidyl- 
hydroxyproline, which would belong to the first of these two 
categories, seemed desirable as it would make available for re- 
search purposes a hitherto unknown phosphatide of potential 
biological interest. The synthetic product preferably should be 
obtained with the structure and configuration a natural phos- 
phatidylhydroxyproline most likely would possess. Strong in- 
dications as to the nature of both are provided by two facts: 
first, the natural form of hydroxyproline has the L configuration 


*Subscripts S and G indicate that the configuration at carbon 
atoms 2 and 4 of hydroxyproline are expressed in relation to serine 
and glyceraldehyde, respectively. 

: ‘A thorough literature survey on the natural occurrence of 
lipopeptides has been presented by Westley, Wren, and Mitchell 
(see their references 4-41) (1). 


at both asymmetric centers (11), and secondly, naturally oe- 
curring glycerophosphatides are derivatives of L-a-glycerylphos- 
phorie acid (12-17). Thus, a phosphatidylhydroxyproline, if it 
occurs as a natural product, whether free or in bound form as 
part of a phosphatidyl peptide, in all probability has the structure 
and configuration shown by Formula VI of the reaction Scheme 
1. This isomer with the L configuration at all three asymmetrical 
centers is one of eight theoretically possible stereoisomeric forms 
in which an a-phosphatidylhydroxyproline with two identical 
fatty acid substituents can occur. The other seven have the 
following configurations at the three asymmetric centers: LDL, 
LLD, LDD, and DDD, DLD, DDL, DLL. This number of isomers is 
doubled by positional isomers when the fatty acid substituents _ 
are dissimilar. 

There was some uncertainty as to which of the two most com- 
monly occurring fatty acids, palmitic or stearic acid, would be 
the more useful substituent for the glycerol moiety of the syn- 
thetic phosphatidylhydroxyproline, if it were to serve as refer- 
ence compound in the elucidation of the structure and configura- 
tion of natural phosphatidylhydroxyprolines, should they occur. 
In deciding upon stearic acid, the fact was taken into considera- 
tion that the greater part of the saturated as well as unsaturated 
fatty acids of naturally occurring glycerophosphatides have un- 
branched chains of 18 carbon atoms, and thus on reduction would 
yield phosphatides with stearic acid as the main fatty acid sub- 
stituent. The choice of stearic acid was further supported by 
the fact that in the elucidation of the structure and configuration 
of phosphatidylserine of ox brain, by comparison with synthetic 
material (12, 13), the distearoy] L-a-phosphatidyl-L-serine had 
proved to be the appropriate compound of reference. 

For the synthesis of the phosphatidylhydroxyproline there 
was a choice of: procedure A, the phosphorylation of an a,6- 
diglyceride with phosphorus oxychloride, or its monobenzy! and 
phenyl derivatives, in the presence of an organic base, and 
subsequent esterification of the resulting phosphatidic acid 
chloride with hydroxyproline suitably protected at both the 
secondary amino and carboxy! groups; Procedure b, a variation 
of Procedure A, in which the order of the two-step phosphoryla- 
tion is reversed; and two interchange reactions involving Proce- 
dure C, the condensation of a diacyl L-a-iodopropylene glycol 
with the silver salt of monobenzyl phosphoryl N-carbobenzoxy- 
hydroxyproline benzyl ester, or Procedure D, the condensation of 
a diacyl L-a-glycerylphosphoric acid monobenzy] ester silver salt 
with N-carbobenzoxy-4-iodoproline benzyl ester. In each 
procedure, the final step is the removal of the protective groups. 
Procedure D, however, cannot be expected to give a pure stereo- 
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3 O=COCH2C.H; 
Cl 
H H a H H 
I ll 
=COCH:CeHs 
A\ 
H.C—OH H.C—O P H 
1) N(C2H 
(2) H:O H COOCH:C.Hs 
H,C—OOC-R H.C—OOC-R 
IV V 
CH;(CH:),;sCOO—CH:; 
CH;(CH:):1eCOO—C—H 


SCHEME 1. Synthesis of L-a-phosphatidyl-L, t-hydroxyproline 
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WAVELENGTH IN MICRONS 

Fic. 1. Infrared spectrum of distearoy! L-a-glycerylphosphoryl- 
Lg, Ls-hydroxyproline. Beckman-IR 5 infrared spectrophoto- 
meter. Solvent: chloroform containing 2% of anhydrous ethanol. 
Path of cell,0.093mm. Concentration, 5%. Band positions and 
probable assignments: 3.48 uw and 3.56 uw (CH2 stretching), 5.80 » 
(C=O stretching vibration), 6.88 deformation frequencies) 
7.1 » (C—H vibrations ?), 7.3 «6 (C—CH; sym. deformation fre- 
quencies), 8.55 » (C—O—R ester), 9.5 «7 (P—O—C covalent phos- 
phate). 


isomer, as the exchange reaction at carbon atom 4 of hydroxy- 
proline most likely would be accompanied by a Walden inversion. 
Of the four methods outlined above, the first two are known to 
proceed without racemization, and thus are to be preferred if a 
phosphatide is to be synthesized for the first time, and its optical 
purity cannot be checked by comparison with natural material. 
The synthesis of the phosphatidylhydroxyproline was carried out 
by Procedure B. This procedure, which is shown in the ac- 
companying reaction Scheme 1, is generally applicable to the 
synthesis of phosphatidylhydroxyprolines with saturated fatty 
acid substituents. The distearoy] L-a-glycerylphosphoryl-t, L- 
hydroxyproline was obtained as follows: N-carbobenzoxy Lg , Ls- 
hydroxyproline benzyl ester (J/7) in ether solution was phos- 
phorylated with phosphorus oxychloride (J) and triethylamine. 
After removing triethylamine hydrochloride, solvent, and excess 
of phosphorylating agent, the (N-carbobenzoxy-t,t-hydroxy- 
proline benzyl ester)phosphory! dichloride (J7J) was dissolved in 


by Baer and Pavanaram (20). 


O 
H.c—o—p—!4o H\ 


R —(CH2)isCH3 H H 
VI. Distearoyl L-a-glycerylphosphoryl-L, L-hydroxy proline 


benzene, and was esterified with pb-a,§-distearin (JV) in the 
presence of triethylamine. The reaction mixture was separated 
by column chromatography on silicic acid, and the benzyl de- — 
rivative of phosphatidylhydroxyproline (V) was freed of its | 
protective benzyl groups by catalytic hydrogenolysis. The — 
distearoyl (VJ), a 


white solid material was obtained from distearin in an over-all | 
yield of approximately 26%. (m.p. 185-186°). It is insoluble © 
at room temperature (20-25°) in most of the commonly used . 
organic solvents, except chloroform containing 2% of ethanol, in 
which it is slightly soluble. Its infrared spectrum from 3 to 8 
u resembles closely those of the corresponding lecithins and 
cephalins as the absorption bands in this region arise mainly from 
their glyceride moieties (Fig. 1). 


EXPERIMENTAL PROCEDURE 


,Ls-hydroxyproline was 
prepared by Grassmann and Wiinsch (18), and was obtained as a 
viscous oil. Its specific rotation of —77.7° in ethanol-free 
chloroform was identical with that reported for the oily form of 
this substance by Baer and Stedman (19). On addition of seed 
crystals? it solidified rapidly. Crystalline form: [a], —73.0° in © 
chloroform containing 0.75% of ethanol, c, 0.8 (average of three 
independent determinations), and [a], —52.5° in 99% ethanol, 
c, 1.8. Reported: [a], —72.0° in chloroform (11), and [al 
—53.8° in ethanol (18). The N-carbobenzoxy-tc , Ls-hydroxy- 
proline benzyl ester was prepared as described by Baer and Sted- | 
man (19). Regarding the preparation of p-a,G-distearin, the 
palladium catalyst and glacial acetic acid for catalytic purposes, | 
see the remarks in the experimental part of the preceding paper | 
The silicic acid was Mallinckrodt, 


2 The authors wish to thank Dr. B. Witkop for providing seed- 
ing crystals of N-carbobenzoxy-L, L-hydroxyproline. 
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100 mesh (powder), analytical reagent. The experimental 
conditions reported below for the chromatographic purification 
of Compound V are based on the use of this type of silicic acid. 

Distearoyl t-a-Glycerylphosphoryl N-Carbobenzory- ,ts-Hy- 
droryproline Benzyl Ester (V)—To a mixture of 3.56 g (10 mmoles) 
of N-carbobenzoxy-Le,Ls-hydroxyproline benzyl ester (JJ), 1.54 
ml (11 mmoles) of freshly distilled anhydrous triethylamine and 
30 ml of anhydrousether in a two-necked flask carrying a calcium 
chloride tube and dropping funnel, and immersed in an ice-bath, 
were added rapidly and with swirling 4.56 ml (50 mmoles) of 
phosphorus oxychloride (J). The solution was allowed to come 
to room temperature, and the triethylamine hydrochloride was 
removed by centrifugation. The precipitate was washed twice 
with anhydrous ether, and the combined ether solutions were 
evaporated under diminished pressure in an atmosphere of dry 
nitrogen (introduced through the capillary), and the residue was 
freed of solvent and excess of phosphorus oxychloride in a vac- 
uum (0.01 mm) at a bath temperature not exceeding 60°. The 
oily residue was dissolved in 20 ml of anhydrous benzene, and to 


the solution were added 1.54 ml (11 mmoles) of triethylamine, and 


a solution of 6.0 g (9.5 mmoles) of v-a,@-distearin ([a]?? —2.9°) 
in 70 ml of lukewarm anhydrous benzene, and the mixture was 
allowed to stand for 16 hours at room temperature. The tri- 
ethylamine hydrochloride was removed by centrifugation, the 
precipitate was washed with two portions of benzene, and the 
combined benzene solutions were evaporated to dryness under 
reduced pressure. The residue was taken up in ether, and to the 
solution were added 1.54 ml (11 mmoles) of triethylamine and 2 
ml of water. After 30 minutes, the ethereal solution was washed 
rapidly with four 20-ml portions of ice-cold 0.5 N sulfuric acid 
followed by several portions of distilled water. The ethereal 
solution was dried with anhydrous sodium sulfate, the solvent 
was removed by distillation under reduced pressure, and the 
residue was dried in a vacuum (0.05 mm) at 35°. The remaining 
colorless solid material, weighing 9.3 g, was purified by passing 
its solution in chloroform (U.S.P. Merck containing 0.5 to 1% 
of ethanol) through a column of silicic acid (Mallinckrodt, 100 
mesh), 3 cm wide and 60 cm long, and covered with chloroform. 
The column was eluated with chloroform (U.S.P Merck), and the 
effluent was collected in several fractions. The first 1000 ml of 
effluent (Fraction 1) on evaporation under diminished pressure 
yielded 0.53 g of a substance which was free of nitrogen and 
phosphorus, and showed no rotation. The next 750 ml of ef- 
fluent (Fraction 2) yielded 2.32 g of a substance with low nitrogen 
and phosphorus content (found: N 0.83, P 2.14). The following 
000 ml of effluent (Fraction 3) gave 2.64 g (26.6% of theory 
calculated for the distearin) of distearoyl L-a-glycerylphosphory] 
N-carbobenzoxy-L,L-hydroxyproline benzyl ester (V), that was 
sufficiently pure (found: N 1.28, P 2.87) for the direct conversion 
into phosphatidylhydroxyproline. The rest of the crude ma- 
terial was recovered from the column with 1000 ml of a mixture of 
chloroform and ethanol (95:5, volume per volume). It possessed, 
however, a much higher content of nitrogen and phosphorus 
(found: N 1.63, P 3.63) than required for Compound V. For 
analysis the material of Fraction 3 was rechromatographed on 
silicic acid. Pure distearoyl 1-a-glycerylphosphoryl N-car- 
bobenzoxy-Lg ,Ls-hydroxyproline benzyl ester (V) was recovered 


‘It is important that this and the following operations are 
carried out with the exclusion of moisture to avoid the hydrolysis 
of (N-carbobenzoxy-hydroxyproline benzyl ester)phosphory] di- 
chloride (IIT). 


E. Baer and A. Zschocke 
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ina yield of 88%. [a]? —11.0° in ethanol-free chloroform (c, 5) 
(m.p. 51.5°). 


(1042.4) 


Calculated: C 67.98, H 9.28, N 1.34, P 2.97 
Found: C 67.78, H 9.47, N 1.33, P 2.96 


Chromatography of Compound V on silicic acid-impregnated 
paper (Whatman No. 1) by the ascending technique with a 
solvent system (21) consisting of 2,6-dimethyl-4-heptanon- 
glacial acetic acid-water (80:50:10, volume per volume), and 
treatment of the chromatogram with a 0.001 °% aqueous solution 
of Rhodamine 6G (22) revealed only one fluorescent spot in 
ultraviolet light. 

Distearoyl ,ts-H ydroxyproline (VI)— 
Distearoyl L-a-glycerylphosphoryl N-carbobenzoxy-Le¢ , Ls-hy- 
droxyproline benzyl ester (Fraction 3, 2.60 g), 80 ml of glacial 
acetic acid, and 0.5 g of palladium catalyst were placed in an all- 
glass reduction vessel of 500-ml capacity, and the mixture was 
shaken vigorously in an atmosphere of pure hydrogen‘ at a pres- 
sure of 40 to 50 cm of water until the absorption of hydrogen 
ceased (approximately 4 hours). The hydrogen was replaced by 
nitrogen, and to the mixture was added just sufficient chloroform 
to dissolve the phosphatidylhydroxyproline. The catalyst was 
removed by centrifugation, and was extracted with several small 
portions of chloroform. The solutions, containing colloidal 
palladium, were combined, and the solvents removed by distilla- 
tion under reduced pressure at a bath temperature of 35-40°. 
The grayish white, solid residue was freed of palladium by dis- 
solving it in 60 ml of a mixture of methanol and chloroform (1:1, 
volume per volume), clearing the solution by centrifugation, and 
removing the solvents by distillation at 16 mm. If necessary 
this procedure was repeated once more. The now pure white 
material was dissolved in 30 ml of chloroform, and reprecipitated 
by the gradual addition of 300 ml of acetone. The precipitate 
was washed with acetone, and was dried at room temperature 
over phosphorus pentoxide in a vacuum (0.01 mm). The 
distearoyl , Ls-hydroxyproline, a white 
solid material, weighed 1.98 g (97% of theory). The substance 
on heating becomes transparent at about 180° and coalesces 
suddenly with the formation of a meniscus at 186°. At room 
temperature (20-25°) it is slightly soluble in chloroform con- 
taining 2% of ethanol, and insoluble in water as well as most of 
the commonly used organic solvents, for example methanol, 
ethanol, isopropyl alcohol, acetone, ethanol-free chloroform, 
tetrachloromethane, bromoform, trichloroethylene, ethyl] acetate, 
acetonitrile, n-hexane, dioxane, dimethyl formamide, or benzene. 
This made it difficult to find a suitable solvent for the determina- 
tion of the optical activity of phosphatidylhydroxyproline. 
Chloroform containing 2% of ethanol dissolves distearoyl phos- 
phatidylhydroxyproline but only to an extent that readings are 
just possible. To obtain a clear solution it is necessary to warm 
the mixture slightly, and to make the readings as fast as possible 
before the solution again becomes turbid. Two independent 
determinations gave: [a]?> + 4.4° and 4.9° in chloroform con- 
taining 2% of ethanol (c, 1.8). 


4 Electrolytically produced hydrogen was used. 

5 The melting point is uncorrected, and was determined in a 
capillary tube with an electrically heated bath of n-butyl phthal- 
ate. 
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CyH gg) oNP (818.1 ) 


Calculated: C 64.59, H 10.35, N 1.71, P 3.79 
Found: C 64.38, H 10.53, N 1.71, P 3.80 


Attempts to determine the homogeneity of the distearoyl 
phosphatidylhydroxyproline by chromatography on silicic acid- 
impregnated paper were unsuccessful. The following solvent 
systems were used: (a) diisobutyl ketone-acetic acid - water 
(8:5:1); (b) n-butyl ether-acetic acid-chloroform-water (40:35: 
6:5); (c) chloroform-methanol (3:1) containing 2% of water; 
and (d) ethanol (99°,)-water-concentrated ammonia (80:15:5). 
The phosphatidylhydroxyproline remained at the point of origin. 
To locate the phospholipid the methods of Giri and Nagabhus- 
hanan (23) and Jepson and Smith (24), as well as spraying with a 
solution of ninhydrin (21) in a mixture of acetone and 2 ,6-lutidine 
(95:5) were used. 


SUMMARY 


Distearoyl ,Ls-hydroxyproline, a 
member of a new group of phosphatides of potential biological 
interest, has been synthesized. The phosphatidylhydroxypro- 
line, the first of its kind, was obtained by phosphorylation of .V- 
carbobenzoxy-L,L-hydroxyproline benzyl ester with phosphorus 
oxychloride and triethylamine, esterification of the (N-carbo- 
benzoxy-L,L-hydroxyproline benzyl ester)phosphory] dichloride 
with p-@,@-distearin, and subsequent removal of the protective 
groups by catalytic hydrogenolysis. 


Acknowledgment—The support of this work by grants from the 
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Reports from this laboratory have described the formation of 
palmitoleic and oleic acids from their saturated counterparts by 
enzyme systems of yeast (2, 3). For introducing a double bond 
into the 9,10 position of the aliphatic chain, the desaturating 
enzymes, acting on the coenzyme A derivatives of the fatty 
acids, require reduced triphosphopyridine nucleotide, and molec- 
ular oxygen as hydrogen acceptor. Extending these studies to a 
multiply unsaturated system, we have now investigated the 
biosynthesis of linoleic acid. This paper deals with the role of 


oleic acid as a precursor for linoleic acid and with the nature of 
the processes which introduce the second double bond of the di- 


olefine system. Torulopsis utilis, a lipid-rich yeast known to 
contain large amounts of linoleate (4), has been found to form 


this acid efficiently from oleate. 


EXPERIMENTAL PROCEDURE 


Materials—Oleic acid-1-C™ was purchased from the California 


Corporation for Biochemical Research and sodium borotritide 
from the New England Nuclear Corporation. 
 gndricinoleic acids were products of the Nutritional Biochemicals 
Corporation and of the K & K Laboratories, respectively. 


Unlabeled linoleic 


Tritium-labeled Ricinoleic Acid—This was prepared by oxidiz- 


ing ricinoleic acid to 12-keto-A%-octadecenoic acid and reducing 


the keto acid with sodium borotritide to tritium-labeled pL- 


- 12hydroxy-A%-octadecenoic acid. A solution of 1.6 g of ricino- 


leic acid ([a], +5.54,¢ = 1.8 in CHCl; and = 1.4709) in 20 
ml of acetone was oxidized by stirring with 1.34 ml of chromic 
acid mixture (6.67 g of CrO3 dissolved in 5.33 ml of concentrated 
HSO, and diluted with water to 25 ml) at 0° for 2 hours accord- 
ing to the method of Bowden et al. (5). The reaction mixture 
was diluted with ice water and cooled. The precipitated waxy 
solid was washed with water, dried, and an aliquot (0.486 g) 
was chromatographed on silicic acid (115 mesh) according to the 
method of Carter et al. (6). The crude keto acid was dissolved 
in dichloromethane and subjected to gradient elution (mixing 
flask, 200 ml of 0.5% methanol in dichloromethane; reservoir, 
300 ml of 2.5% methanol in dichloromethane). On collection 


_ of6-ml fractions, the keto acid emerged with Fractions 40 to 50. 
_ The contents of tubes 45 to 47 were combined, evaporated to 


dryness, and the residual solid was crystallized twice from petro- 
lum ether at 0°. Yield, 0.2 g; m.p., 38-39° (reported (7), 


Recrystallized 12-keto-A%-octadecenoic acid (25 mg, 0.084 


*Supported by grants-in-aid from the United States Public 
Health Service, the National Science Foundation, the Life Insur- 
ance Medical Research Fund, and the Eugene Higgins Trust Fund 
of Harvard University. 3 

t Reported in part at the 138th meeting of the American Chemi- 
cal Society (1). 


mmole) was dissolved in 5 ml of isopropanol (distilled from 
NaBH), and 1 mg of sodium borotritide (1 mc) was added. The 
mixture was stirred at room temperature for 12 hours, the solvent 
removed in a vacuum, and dilute cold hydrochloric acid added to 
the residue. The acid was extracted into ether, esterified with 
diazomethane, and the ester chromatographed on silicic acid 
(2.5 g, 115 mesh). On gradient elution (mixing flask, 150 ml of 
benzene; reservoir, 90 ml of 10% ether in benzene), methyl 
ricinoleate emerged in Fractions 23 to 28. For saponification, 
the ester was dissolved in 0.3 ml of 90% ethanol containing 5% 
NaOH and left under nitrogen at room temperature for 8 hours. 
The free acid was further purified by chromatography on silicic 
acid (2.5 g). The fractions eluted with dichloromethane-2% 
methanol were combined, the solvent removed, and the residue 
dried in a vacuum over P.O;. Yield, 9.6 mg containing a total 
of 1.98 x 10’ ¢.p.m. of tritium. The infrared spectrum of the 
methyl ester of unlabeled pi-ricinoleic acid prepared in the same 
way was indistinguishable from that of natural methyl (+)-ric- 
inoleate. The p-bromophenacyl ester melted at 63-65°, uncor- 
rected (reported (7), 62-63°). 

Yeast—Cells of Torulopsis utilis (ATCC 8205) were transferred 
from slants to a synthetic medium containing per liter 100 g of 
glucose, 100 ml of 6.7% of Difco yeast-nitrogen base, and 160 
ml of 0.05 m succinate buffer, pH 6.0. In experiments with 
resting cells, the incubation medium consisted of 0.1 M potassium 
phosphate buffer, pH 6, containing 10% glucose. For the 
anaerobic experiments, flasks were incubated in desiccators as 
described (8). Oleic acid-1-C™, specific activity 4.55 « 16° 
¢.p.m. per umole, was dissolved in a small amount of ethanol 
and added to the growth medium. 


Methods 


Isolation of Fatty Acids—1. By direct saponification: the cells 
were collected by centrifugation, washed twice with cold distilled 
water, and digested by heating with 15% methanolic KOH (5 
ml per g of wet yeast) for 2 hours on the steam bath in a nitrogen 
stream. The fatty acids were isolated in the usual manner. 

2. Total lipids were extracted from the cells by the method of 
Folch et al. (9) and either saponified as described above or frac- 
tionated on silicic acid-Celite columns (10). Free and esterified 
fatty acids were separated according to Weiss et al. (11). 

Paper Chromatography—The free fatty acids were chromato- 
graphed by the reverse-phase system of Buchanan (12) with 
acetic acid-formic acid-water (9:1:1) as the solvent system. 
Samples were run for 20 hours at 37°, and the dried paper strips 
assayed for C“ on an Actigraph (Nuclear-Chicago Corporation). 
Authentic fatty acid samples had the following Rr values: oleic 
acid, 0.56 to 0.61; linoleic acid, 0.69 to 0.72. 
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Vapor Phase Chromatography—The methyl esters of the fatty 
acids were analyzed in a Research Specialties Company instru- 
ment with a packing of diethylene-glycol-succinate 60 to 80 
mesh, on Chromasorb W (acid-washed) at 180°. Fractions were 
collected in cooled U-tubes attached to the heated outlet of the 
instrument. The condensed materials were washed into vials 
with scintillation liquid and counted in a Packard Tri-Carb 
scintillation counter. The relative retention times based on a 
value of 1.00 for stearic acid were oleic acid 1.17, linoleic acid 
1.39, and linolenic acid 1.80. 

Linoleic Acid Tetrabromide—In two experiments linoleic acid 
was isolated as the crystalline tetrabromide (13). For example, 
in Experiment 1, Table III, 200 mg of carrier linoleic acid were 
added to an aliquot of the total fatty acid fraction containing 
1.35 K 10°c.p.m. After bromination, the derivative was crys- 
tallized to constant specific activity (117 c.p.m. per mg after four 
crystaljizations from ethylenedichloride). From this value, from 
the amount of carrier linoleic acid added, and from the molecular 


TABLE I 


Conversion of 1-C'-oleic acid to linoleic acid in aerobically grown 
cells of Torulopsis utilis 


Cells were grown in 25 ml of medium with shaking in air at 30° 
for 40 hours. The yield of cells was 0.5 g (wet weight) in Experi- 
ment 1 and 0.4 g in Experiment 2. Cells were directly saponi- 
fied as described in the text. 


Experiment 1* | Experiment, 2t 
c.p.m. 1075 

Fatty acids extracted from ecells....... 2.04 2.27f 
<0.01 


* Fatty acids analyzed by paper chromatography. 

+t Methyl esters of the fatty acids separated by vapor phase 
chromatography. 

t In this experiment about 0.8 X 105 ¢.p.m. were recovered in a 
fraction having a longer retention time than linoleic acid and 
tentatively identified as linolenic acid. 


TABLE II 
Conversion of 1-C'+-oleic acid to linoleic acid in microaerobically 
grown cells 
Cells were grown in flasks filled to the neck with 25 ml of medium 
for 4 days at 26° without shaking. The wet cells (about 0.04 g 
from each flask) were directly saponified as described in the text. 


Experiment 1* Experiment 2f 
c.p.m. X 107% 

Fatty acids extracted from cells. ... 2.5 2.2 
Stearate | Less than 2% 
Palmitoleate} 


* Analyzed by scanning of paper chromatograms. 
t+ Analyzed by vapor phase chromatography. 


Conversion of Oleic Acid to Linoleic Acid 
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TABLE III 
Conversion of 1-C'4-oleic acid to linoleic acid in resting cells 


Each flask contained 0.4 g of microaerobically grown cells in 3 
ml of glucose-potassium phosphate buffer (see text). For the 
aerobic experiments the flasks were shaken in air at 30° for 2 
hours. For the anaerobic experiments the conditions were the 
same except that the flasks were shaken in helium-filled desiceg. 
tors containing alkaline pyrogallol (8). 


Experiment 1 Experi 
c.p.m. X 1078 

Aerobic 
Oleate added........... 9.5 9.5 1.9 3.28 
Extracted fatty acids...| 7.0 7.0 1.4 0.8 
Linoleic acid. .......... 1.9f 0.5f 0.33} 
Linolenic acid.......... 

Anaerobic, Experiment 3 
Oleate added........... 9.5 9.5 2.5 
Extracted fatty acids... 7.1 7.1 1.9 
Linoleic acid. .......... 0.07* 0.4T 


* Analyzed by scanning of paper chromatograms. 
t Analyzed by vapor phase chromatography. 


t Calculated from the specific activity of the crystalline tetra- | 


bromide. 


TABLE IV 


Metabolism of tritium-labeled rictnoleic acid in 
aerobically grown cells 


Distribution of radioactivity 


In lipidst 

c.p.m. XK c.p.m. X 

Tritium-labeled _ ricin- | 2.0 Total 100 

oleate added 
In total fatty acids 1.0 Neutral lipids 31.4 
Hydroxy acids 0.9 Free fatty acids 

Nonhydroxylated acids | 0.015 Hydroxy acids 32.4 
Nonhydroxy acids 3.7 
| Phospholipids 19.4 


* Cells were grown aerobically in 50 ml of medium with shaking 
for 34 hours at 30°, saponified, and the free fatty acids chroma- 
tographed on silicic acid. 

+t A batch of cells grown in the presence of tritium-labeled 
ricinoleic acid as above was extracted according to Folch et al. 
(9). 
Celite columns (10) and the free fatty acids separated from neutral 
lipids by extraction with ammonia (11). 


tivity present in the original lipid extract. 


weight of the acid and of the tetrabromide, the content of C 
linoleate in the total fatty acid fraction is calculated to be 37.4%. 
The value listed in Table III is recalculated from this figure. In 
Experiment 3, Table III, the final specific activity of the tetra- 
bromide corresponded to 3.6% C"-linoleate in the total fatty 
acid fraction. 

The fatty acids isolated from the experiments in which tritiated 


The various lipid fractions were separated on silicic acid- 


The values for the vari- 
ous fractions are expressed as a percentage of the total radioac- — 
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ricinoleic acid was the substrate were chromatographed on a 
silicic acid column, (6) nonhydroxylated acids were eluted with 
dichloromethane, and hydroxy fatty acids with dichloromethane 
containing 2% methanol. 


RESULTS AND DISCUSSION 


Cells of Torulopsis utilis, grown either with aeration or with a 
limited supply of air, efficiently incorporate radioactivity from 
g medium containing C'-oleate (Tables I and II). Approxi- 
mately one-fourth to one-half of the radioactivity recovered 
from the cells is unchanged oleate, and nearly all the remainder 
is present in & multiply unsaturated acid. This acid is indistin- 
guishable from linoleate by vapor phase chromatography, re- 
versed-phase paper chromatography, and by crystallization of 
the tetrabromo derivative. These properties and the fact that 
linoleate occurs normally in Torulopstis in large amounts make 
it reasonably certain that the enzymatic conversion product of 
oleate which we have observed is linoleic acid. In two experi- 
ments a substantial amount of C' was also associated with a 
fraction which had the retention time of linolenic acid on vapor 
phase chromatograms. ‘The sum of the radioactivities in oleic 
acid and in the more highly unsaturated acids accounted for 
nearly all the C' in the total extractable acids, showing that 
desaturation to acids of equal chain length is the principal meta- 
bolic pathway of oleic acid in Torulopsis. In line with this 
conclusion is the finding that incorporation of C" into stearate or 
into acids of shorter chain length was insignificant. Moreover, 
the absence of C' in the Ci. acids excludes the possibility of an 
extensive breakdown of oleate to labeled Cz units and subsequent 
resynthesis of long-chain acids from these fragments. The 
formation of labeled linoleic acid from oleate must therefore 
occur by direct desaturation of the Cis carbon chain. 

Torulopsis cells convert oleate efficiently to linoleate also under 
resting conditions (Table III). When oxygen was rigorously ex- 
cluded during incubation the transformation of oleic to more 
unsaturated acids was less than one-tenth as great as under 
aerobic conditions, figures which are probably not significant. 
In the absence of air, oleic acid is incorporated into the cells, but, 
as far as could be determined, is not converted into any other 
products. The introduction of the double bond into the 12,13 
position of oleate is therefore oxidative and the mechanism 
possibly analogous to the oxidative desaturation of stearate to 
oleate (2,3). Whether oxygen is needed because it directly 
interacts with the substrate to form oxygenated intermediates, 
or whether it oxidizes a reduced coenzyme remains to be estab- 
lished. 

Since linoleate formation from oleate requires oxygen, it was 
of interest to ascertain whether ricinoleic acid, a hydroxy olefine, 
could be dehydrated to the A®2-diene system. The tritium- 
labeled 12-pL-ricinoleic acid prepared for this purpose was well 
incorporated by growing Torulopsis, but no significant trans- 
formation to nonhydroxylated products could be observed 
(Table IV). Ricinoleic acid is not the only potential precursor 
of linoleic acid and, therefore, this experiment does not disprove 
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a role for hydroxy olefinic acids as precursors of dienoic acids. 
The above experiment is inconclusive for the further reason that 
the tritium label at the 12-position of ricinoleic acid could be lost 
metabolically, in which case conversion to the diolefine would 
escape detection. However, this possibility seems remote since 
it is not obvious why dehydration of a 12-hydroxy compound 
should remove the hydrogen at C-12. As long as the origin of 
ricinoleic acid and of other naturally occurring hydroxy olefinic 
acids is unknown, it is a matter of speculation whether they are 
precursors or, what is equally possible, hydration products of 
diolefines. 

It is noteworthy that ricinoleic acid which is not a normal 
constituent of yeast lipids is nevertheless incorporated into ester 
linkages of both neutral lipids and phospholipids in this organism 
(Table IV). 


SUMMARY 


1. Growing or resting cells of Torulopsis utilis convert 1-C™- 
oleic acid to a more highly unsaturated acid which is assumed to 
be linoleic acid on the basis of paper chromatography, vapor 
phase chromatography, and formation of the tetrabromo deriva- 
tive. The transformation requires oxygen and appears to in- 
volve a direct desaturation. 

2. Linoleic acid and possibly linolenic acid are the only radio- 
active products formed from 1-C'-oleate by Torulopsis. No 
radioactivity was found in stearate or fatty acids of shorter 
chain length. 

3. The synthesis of pt-ricinoleic acid containing tritium at 
C-12 is described. The hydroxy acid is incorporated into the 
lipids of Torulopsis, but a significant conversion to linoleic acid 
was not observed. 
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Since the identification of glycolic acid oxidase in plants (1, 2), 
the end products of this system have been repeatedly investi- 
gated. All enzyme preparations from plants (3-5), animals (6), 
or microorganisms (7) have been reported to catalyze the oxida- 
tion of glycolic acid (COOH-CH2OH) to glyoxylic acid (COOH- 
CHO). Glyoxylic acid may be subsequently converted into 
glycine (8, 9), which is the major product of this pathway in 
most plant tissues in vivo (8). In vitro, glyoxylic acid may be 
nonenzymatically oxidized to-formic acid and by the 
formed in the prior oxidation of glycolic acid (3, 5). Enzymatic 
oxidation of glyoxylic acid to oxalic acid has been reported (4, 
10), as well as an enzymatic system for converting two glyoxylic 
acid molecules to one glyceric acid (7, 11-13). By metabolism 
experiments in vivo, it has been demonstrated that rats convert 
glyoxylic acid to oxalic acid (9). 

Since crude or purified glycolic acid oxidase obtained from 
plants had been reported to be incapable of oxidizing glyoxylic 
acid (5, 14, 15), the assumption has been made that the oxidation 
of glyoxylic acid to oxalic acid was catalyzed by a different en- 
zyme than glycolic acid oxidase. However, from a partially 


purified glycolic acid oxidase from tobacco leaves, Kenton and , 


Mann (4) isolated an end product from glyoxylic acid oxidation 
which had the same melting point as oxalic acid. Therefore, in 
this report we have elaborated the enzymatic properties of the 
oxidation of glyoxylic acid to oxalic acid. Highly purified 
glycolic acid oxidase from plants and an ammonium sulfate 
preparation from rat liver readily catalyzed this reaction, and 
no evidence was obtained for a second enzyme. The oxalic acid 
product was an inhibitor of the enzyme, particularly for the 
enzymatic attack on glyoxylic acid. Tris(hydroxymethyl)- 
aminomethane buffer also inhibited the oxidation of glyoxylic 
acid by glycolic acid oxidase. These two facts appear to ex- 
plain the previous conflicting data on the oxidation of glyoxylic 
acid. Oxalic acid may regulate the activity in vivo of the ubiq- 
uitous and very active glycolic acid oxidase by limiting its own 
production and consequently diverting most of the glyoxylic 
acid to other products such as glycine. 


EXPERIMENTAL PROCEDURE 


Preparation of cell-free sap and ammonium sulfate fractiona- 
tions from a variety of plants was identical with the original 


*Published with the approval of the Director of the Michigan 
Agricultural Experiment Station as Jouranl Article No. 2717. 

+t This research was aided by a grant from the National Science 
Foundation. 

t Present address, Department of Physiological Chemistry and 
Pharmacology, Ohio State University, Columbus 10, Ohio. 


procedure (1). Subsequent steps in the purification of the ep. 
zyme were followed exactly as described elsewhere (5, 15). Prep. 
aration of the enzyme from rat livers was essentially the same a; 
from plants, and specific details have been described by Kun 
et al. (6). In this paper the activity of the enzyme was studied 
mainly at four stages of purity: cell-free sap, ammonium sulfate 
fractionation (1), alcohol fractionation (5), and as a solution of 
the final purified enzyme of equivalent specific activity as pub- 
lished by Frigerio and Harbury (15). ‘The oxidation of glycolate 


was performed at pH 8.3 and of glyoxylate at pH 7.3 or 7.7 (3). | 


Oxygen uptake was measured in a Warburg apparatus at 30° 
with an atmosphere of air. All reaction vessels contained in a 
volume of 3.7 ml, 100 umoles of potassium phosphate buffer, 
0.4 umole of FMN,! 5 to 12 units of catalase, designated units 


of glycolic acid oxidase, and specified amounts of substrates and [| 


inhibitors. A unit of glycolic acid oxidase activity was defined 
as the uptake of 1 wl of oxygen in 10 minutes. 


Free organic acids were identified by chromatography with } 


solvents of chloroform-ethanol-formiec acid (49:49:2) (16), bu- 


tanol-pyridine-water (3:2:1.5) (17), and two dimensional chro- 
matography in water-saturated phenol followed by n-butanol- 


propionic acid-water (18). 


No differences in enzymatic oxidation were observed among — 
our glyoxylic acid preparation (3), a commercial preparation from — 
Nutritional Biochemicals Corporation, and a preparation gen- — 
erously provided by I. Zelitch. Glyoxylic acid was determined 
quantitatively by bisulfite titration (19) and as its 2,4-dinitro- | 
The S-benzylthiuronium 


phenylhydrazone derivative (20). 
chloride derivative of oxalic acid was prepared according to the 
method of Donleavy (21). . 


RESULTS 


Glyoxylate, as well as glycolate, was oxidized by plant saps 
and by an ammonium sulfate fractionated enzyme from rat liver 
(Table I). Spinach sap, which had been reported not to oxidize © 
glyoxylate (5), did not vigorously attack added glyoxylate, al- | 
though it was capable of a rapid catalysis of glycolic acid oxida- 
tion with the uptake of more than an atom of oxygen per mole — 


of glycolate consumed (Fig. 1). The uptake of an atom of oxy- 


gen per mole of glycolate was equivalent to the formation of a | 
mole of glyoxylate and a mole of H.O2 which in turn had been 
After this initial | 


rapid reaction with glycolate, the spinach sap catalyzed oxygel | 


oxidized to water and an atom of oxygen. 


uptake at the same rate as that which occurred when the gly- 
oxylate was added as the substrate. 


1 The abbreviation used is: FMN, flavin mononucleotide. 
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TABLE I 


Qridation of glyoxylic acid by crude enzyme from various sources 
Each system contained 20 umoles of sodium glyoxylate. 


Enzyme source pl O2/mg N/hr 
Gomer beet Sap... 20 
Rat liver, ammonium sulfate fraction... ........ 57 
20 wM GLYCOLATE 
| 
240 
| wM OXYGEN 
200 


O2 UPTAKE, wl 
oO 


120 
20 wM GLYOXYLATE 
| | | _ 
| 
20 40 80 oO 


MINUTES 
Fic. 1. Oxidation of glycolate and glyoxylate by spinach sap. 
Each Warburg vessel contained 1.0 ml of cell-free spinach sap, 20 


ymoles of substrate and buffer, FMN, and water as described in | 


“Experimental Procedure’’. 


A 4- to 5-fold increase in the rate of glyoxylate oxidation by 
spinach sap was obtained after dialysis against running tap 
water for 5 hours. This result suggested the presence in spinach 
sap of an inhibitor of glyoxylate oxidation which was then demon- 
strated to be inhibitory upon glycolic acid oxidase from other 
sources (Fig. 2). Fresh spinach sap caused a 65% inhibition of 
the rate of glyoxylate oxidation when added to a glycolic acid 
oxidase preparation from sugar beet leaves. Boiled spinach sap 
or the ether-extractable acid fraction from boiled spinach sap 
caused an 80% inhibition, whereas the acid-free fraction was 
without inhibitory effect. The inhibitor could be absorbed on 
an Amberlite IRA-400 anionic resin, or precipitated with calcium 
chloride from solutions made acidic with acetic acid. These 
characteristics of the inhibitor of glycolic acid oxidase attack on 
glyoxylic acid suggested that it was oxalic acid, which is known 
to be present in spinach in concentrations of about 14 g per 100 
gof dry weight (22). Chromatography of the inhibitor with 
known oxalic acid and oxalic-C™ acid confirmed this identifica- 
tion. 

The inhibitory effect of oxalate on the oxidation of substrates 
for the purified glycolic acid oxidase is shown in Table II. 
Whereas glycolate oxidation was inhibited only slightly by the 
concentration of oxalate which was selected, the oxidation of 
Llactate and a-hydroxybutyrate was decreased by over 50% 
and the oxidation of glyoxylate by about 74%. This inhibition 
by oxalate was competitive in nature with a K; of 3.1 x 10-3 
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at pH 7.3 (Fig. 3). The Michaelis constant for glyoxylate oxida- 
tion was found to be 5.4 X 10-%. The effect of enzyme concen- 
tration on reaction velocity is shown in Fig. 4. 

The effect of Tris buffer on the oxidation of glyoxylate is 
shown in Table III. At these concentrations, Tris buffer had no 
effect on glycolate oxidation, but it markedly inhibited glyoxylate 
oxidation. In the usual assay for glycolic acid oxidase with 
glycolate, glyoxylate oxidation was almost eliminated by the 
combination of an adverse pH of 8.3 and the concentration of 
Tris buffer which was employed. 

During the enzymatic oxidation of glyoxylate there was 
essentially one atom of oxygen consumed per mole of glyoxylate 
oxidized (Table IV). Glyoxylate utilization was determined by 
bisulfite titration and by colorimetric analysis of the 2 ,4-dinitro- 
phenylhydrazone derivative of the remaining glyoxylate. The 
enzymatic nature of the oxidation was further indicated by the 


EFFECT OF SPINACH FRACTIONS 
ON ENZYME ACTIVITY 


4 NO ADDITI Ce 


| 


+ NON-ACID 
FRACTION 


pl O2 UPTAKE 


(a)+ BOILED SAP 


ACID FRACTION 


30 40 


MINUTES 


Fia. 2. Effect of spinach sap on glyoxylate oxidation by 75 
units of alcohol-fractionated enzyme from sugar beet leaves In 
all tests, 1 ml of spinach sap or an equivalent amount of an extract 


of it was added. O, no additions; A, fresh sap; A, boiled sap; 


@, ether-extracted acid fraction; §§, nonacid- and nonether-ex- 
tracted fraction. | 


TaBLeE [I 
Effect of oxalate on glycolic acid oxidase 


The oxidation of 20 umoles of each substrate in the presence or 
absence of added oxalate was catalyzed by 75 units of the alcohol- 
fractionated enzyme from sugar beet leaves. 


Substrate No oxalate 30 — of 

_ pl 02/20 min pl O2/20 min 
a-Hydroxybutyrate................. 78 33 
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Fic. 4. Effect of enzyme concentration on glyoxylate oxidation. 
The purified enzyme from sugar beet leaves and 20 umoles of sodium 
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TaB_e III 
Inhibition of glyoxylate oxidation by Tris buffer 
Each sample contained Tris buffer at the pH and concentration 
indicated, plus potassium phosphate buffer to make a total of 200 
umoles of buffer. The reactions were catalyzed by 75 units of the 
purified enzyme from spinach leaves. 


uptake/10 min 
Tris buffer 
pH 7.7 PH 8.3 
pmoles pl pl 
0 23 18 
50 17 11 
100 13 4 
150 9 1 
200 7 1 


fact that the rate of oxygen utilization was proportional to the 
concentration of enzyme present (Fig. 4). 

The FMN requirement of glycolic acid oxidase for glycolate 
oxidation has been reported previously (4, 5). The purified en- 
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zyme from sugar beet or spinach similarly requires FMN fo, 
glyoxylate oxidation. In the absence of added FMN no oxygen 
uptake was observed. 

The production of HO: during the oxidation of glyoxylate 
was detected in the same manner as reported for glycolate oxida. 
tion (4, 5). The addition of catalase to the system which was 
oxidizing either glycolate or glyoxylate caused a decrease in the 
rate of oxygen utilization, but had no effect on the total oxygen 
consumed at the completion of the reaction nor on the total 
substrate utilized. The addition of peroxidase plus p-coumarate 
as a hydrogen donor caused an increase in the total oxygen con. 
sumed. Upon addition of catalase to the purified enzyme, 
oxalate production was increased from the glyoxylate substrate 


and production of CO2 and formate was decreased. Thus when | 


H.02 was not destroyed by catalase as it was formed during 
glyoxylate oxidation, the H.O2 would nonenzymatically oxidize 
an equivalent amount of the remaining glyoxylate to CO, and 
formate. In such circumstances the total oxygen utilization 
would not vary, but the amount of the end products, oxalate, 
COs, and formate, would vary according to the disposition of the 

If sufficient FMN and phosphate buffer instead of Tris buffer 


were employed, the relative rates of oxygen consumption with | 


glycolate and glyoxylate substrates remained constant. through- 
out all purification steps during several large preparations of the 
enzyme from sugar beet leaves. After removal of the oxalate 
inhibitor, similar results were obtained with spinach. 
tion, no variation in the relative activity was observed when the 
highly purified enzyme was allowed to undergo slowly 90% inac- 


tivation at 0° in 0.1 mM phosphate buffer at pH 8.3. The failure ~ 
to vary significantly the relative activity for the two substrates 
during the purification and inactivation indicated that the same — 
enzyme was oxidizing both substrates, as had been proposed | 


earlier (3, 4). 


In addi- | 


If glyoxylate and glycolate were metabolized by different en- | 


zymes, then the addition of glyoxylate to the system metaboliz- 
ing glycolate should have stimulated the rate of oxygen uptake. 


If the two substrates were competing for the same site ora — 


sterically inhibited adjacent site on the enzyme, there should 
have been a decrease in the rate of oxygen consumption with 
glycolate as the glyoxylate concentration was increased. With 
the purified enzyme preparation this decrease in rate of glycolate 


oxidation upon addition of glyoxylate was readily apparent — 


(Table V). The high concentration of glyoxylate required to 


TABLE IV 
Utilization of glyoxylate by glycolic acid oxidase 
Each sample contained 1.0 ml of enzyme preparation and 20 


umoles of sodium glyoxylate. 
The conditions are described under ‘‘Experimental Procedure.” 


Glyoxylate consumed 
Enzyme source Oz uptake Dini 
— 
assay 
pmoles pmoles 
Swiss Chard sap........... 6.2 5.8 
Tobacco sap............... 9.3 9.2 9.5 
Spinach sap................ 1.4 2.8 2.9 
Sugar beet (alcohol-precipi- 
12.9 14.6 


Incubations lasted for 3 hours. — 
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reduce the rate of oxygen uptake in the presence of glycolate 
to the rate with glyoxylate alone was indicative of the greater 
affinity of the enzyme for glycolate as a substrate. 

Several tests established that oxalate was formed by the en- 
symatic oxidation of glyoxylate (Table VI). The greater por- 
tion of the nonvolatile radioactive product obtained from 
complete oxidation of glycolate-2-C™ in the presence of excess 
catalase was found at the R, value of oxalic acid. Thus, oxalate- 
C4 was a major product when dialyzed plant sap, the ammonium 
sulfate preparation from rat liver, or a purified glycolic acid 
oxidase from plants was used to catalyze this oxidation. The C' 
activity coprecipitated with carrier oxalate upon addition of 
calcium chloride to the solution previously adjusted to pH 5.5 
with 10% acetic acid, and the C" activity cochromatographed 
with oxalic acid in several solvents. It is interesting to note 
that in vivo or when undialyzed cell-free plant homogenates were 
used, much of the glycolate-C" was converted to glycine (8). 
Re-examination of these experiments, however, indicated that 
small amounts of oxalate-C™ were produced. 

Oxalate was also isolated after almost complete oxidation of 
100 mg of either glyoxylate or glycolate by incubation with the 
various enzyme preparations for 10 hours. Since these experi- 
ments were run in unbuffered solutions, the acidity increased as 
oxalate was formed, so that it was necessary to readjust the pH 
to 7.3 at 30-minute intervals with N KOH. The protein was de- 
natured by boiling for 5 minutes and removed by filtration. The 
solution was adjusted to pH 5.5 with 10% acetic acid, and the 
oxalate end product was precipitated with calcium chloride. 
The calcium oxalate was converted to the free acid by treatment 
with Dowex 50-H*+ and identified as oxalate by chromatography. 
The free acid gave the characteristic blue color with diphenyl- 
amine (23). Identification was verified by the melting point and 
mixed melting point of the S-benzylthiuronium derivative (21). 


DISCUSSION 


The reported Michaelis constants of glycolic acid oxidase fot 
glycolate and lactate are 3.8 X 10-4 mM and 2.0 X 10-3 M, re- 
spectively (5). On comparison with the value of 5.4 x 10-3 mM 
for the glyoxylate substrate, the affinity of the enzyme is gly- 
colate >> L-lactate > glyoxylate. 

The present data combined with previous studies (5, 15) 
indicate that the same enzyme catalyzes the oxidation of all 
three of these substrates. Glyoxylate in aqueous solution exists 
solely in the hydrated form, COOH-CH(OH,) (24). It then is 
structurally similar to an a-hydroxy acid, and the activity of 
the enzyme toward glyoxylate is consistent with its attack on 
the other a-hydroxy acids, glycolic acid, lactic acid, and a-hy- 
droxybutyric acid (1). This enzyme has always been referred 
to as glycolic acid oxidase, after the acid for which there is the 
smallest Michaelis constant. However, its functions may be of 


significance in the conversion of lactic acid to pyruvic acid, 


glyoxylic acid to oxalic acid, and a-hydroxybutyric acid to 
a-ketobutyric acid, all of which are known metabolic constituents 

Metabolism studies with C-labeled glycolate have shown that 
it was mainly converted directly to glycine and serine in both 
plants (8) and animals (9). After the initial conversion of 
glycolate to glyoxylate, the glyoxylate in or near the active 
site of the enzyme should be particularly susceptible to further 
enzymatic oxidation to oxalate. That this does not occur to a 
greater extent in vivo may be in part the result of sufficient 
inhibition of this oxidation by oxalate so that transamination of 
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TABLE V 
Effect of glyoxylate on glycolate oxidation 
All samples contained sodium glycolate and sodium glyoxylate 
as indicated and either 81 units of aleohol-fractionated enzyme 
from sugar beet leaves or 17 units of the ammonium sulfate-frac- 
tionated enzyme from rat liver. 


Combined ieibiates Source of glycolic acid oxidase 
Glycolate Glyoxalate Sugar beet Rat liver 
pumoles pmoles pl O2/10 min pl O2/60 min 
10 0 81 103 
10 20 65 72 
10 40 57 55 
10 60 47 
10 80 43 
10 100 36 
10 120 29 
10 160 35 
0 40 34 27 
TABLE VI 


Characterization of oxalate as end product 


In a 125-ml Warburg flask, 100 umoles of either glycolate or 
glyoxylate were incubated with a large amount of each enzyme 
preparation mentioned in ‘‘Experimental Procedure,’ 4 umoles of 
FMN, 100 units of catalase, and water to make a final volume of 
30 ml. The pH of the reaction was adjusted at 30-minute inter- 
vals to 7.5 for glyoxylate and 8.5 for glycolate. After near com- 
pletion of oxygen uptake, the protein was removed by precipita- 
tion with heat and from each the assays were performed and 
derivatives prepared as indicated. 


Treatment Known oxalate Enzymatic end product 
CaCl, pH 5.5. ........... White precipi- White precipi- 
tate tate 
Diphenylamine........... Blue color Blue color 
Chromatography (17), em 
from origin............. 5.8 5.4 
S-Benzylthiuronium de- 
rivative, m.p...........}| 191° 191-193° 
191-193° (mixed 
m.p.) 


glyoxylate to glycine may dominate. In the special case of 
certain plants, such as spinach, oxalate accumulates to such an 
extent that the enzyme as found in the sap from the crushed 
leaves is almost completely inhibited from catalyzing glyoxylate 
oxidation. Yet when we have fed glycolate-C™ to the intact 
spinach leaf, part of it was converted to oxalate. Clearly the 
very high oxalate concentration in spinach did not completely 
prevent formation of still more of it. 

Considerable amounts of oxalate, partially as the insoluble 
calcium salt, exist in plant tissue, and oxalate in animals is 
excreted in the urine. Even the slow oxidation of oxalate to CO. 
by plants (25) is not an energy-generating system and can serve 
only to remove it from the tissue. Thus, oxalate in general 
seems to be a nonfunctional and, in fact, undesirable end product 
of metabolism in higher plants and animals. Oxalate formation 


from glyoxylate by glycolic acid oxidase may be an unnecessary 
occurrence because the presence of the enzyme is needed for 
other purposes. The ubiquitous presence and the lack of ab- 
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solute specificity of this enzyme suggest an evolutionary limit, so 
far, in the development of an enzymatic site which would be 
specific for glycolate and which would not attack the glyoxylate 
molecule of nearly similar structure. As a consequence, oxalate 
production from glyoxylate occurs. 


SUMMARY 

Glycolic acid oxidase from plants or animals catalyzed the 
oxidation of glyoxylate to oxalate, and no evidence for different 
enzymes for oxidizing glycolate and glyoxylate was obtained. 
The oxidation of glyoxylate was inhibited by the oxalate end 
product and_ tris(hydroxymethyl)aminomethane buffer. The 
affinity of the enzyme was glycolate > L-lactate > glyoxylate. 
In whole plants, glycolate-C™ was converted to oxalate-C™. 


REFERENCES 

1. C. O., ToLBErRT, N. anpb Burris, R. H., J. Biol. 
Chem., 178, 977 (1949). 

2. KoL_esnikov, P. A., Doklady akad. Nauk S. S. S. R., 71, 1085 
(1950). 

3. ToLBert, N. CLacett, C. O., Burris, R. H., J. Biol. 
Chem., 181, 905 (1949). 

4. Kenton, R. H., ano Mann, P. J. G., Biochem. J., 52, 130 
(1952). 

5. Zevitcu, 1., J. Biol. Chem., 201, 707 (1953). 

6. Kun, E., Decnary, J. M., ann Pitot, H. C., J. Biol. Chem., 
210, 269 (1954). 

7. KORNBERG, H. L., AND Gorto, A. M., Nature (London), 183, 
1791 (1959). 

8. ToLBerT, N. E., anp Conan, M.8., J. Biol. Chem., 204, 649 
(1953). 


Oxidation of Glyoxylic Acid to Oxalic Acid 


. WEINHOUSE, S., AND FRIEDMAN, B., J. Biol. Chem., 191, 1; 


. JokosBy, W. B., anv Buat, J. V., Bacteriol. Rev., 22, 75 (1958, 
. Krakow, G., AND BARKULUS, 8. S., Biochim. et Biophys. Acta 


. Cuispa, H., Kawai, F., anp Urpo, 8., Bull. Research Ing 
Food Sci., Kyoto Univ., 15, 89 (1954). cf. Chem Abstr., g 


. Donveavy, J. J., J. Am. Chem. Sog¢., 58, 1004 (1936). 
. Pierce, E. C., anpD AppLeMAN, C. A., Plant physiol., 18, 24 


. CaLKIns, V. P., Anal. Chem., 15, 762 (1943). 
. DeBus, H., J. Chem. Soc., 85, 1382 (1904). | 
. FInKLE, B. J., AND ARNON, D. IL., Physiol. Plantarum, 7, 614 | 


Vol. 236, No,; 


(1951). 


21, 593 (1956). 


. GALLELY, A. G., AND DaGLey, 8., Nature (London), 188, 174 


(1959). 


- QuaYyLE, J. R., aNp Keecn, D. B., Nature (London), 188, 


(1959). 


13753b (1954). 


. Fricerio, N. A., aNp Harpure, H. A., J. Biol. Chem., %, 


135 (1958). 


J. B., GoopsBan, A. AND Owens, H.S., Anal. Chem. 


23, 413 (1951). 


. JEANES, A., WISE, G. S., AND Dimer, R. J., Anal. Chem., %, | 


415 (1951). 


. Benson, A. A., Bassuam, J. A., Carvin, M., Goopa.e, T.C, 
Haas, V. A., AND StepKa, W., J. Am. Chem. Soc., 72, 171) 


(1950). 


. Lewts, K. F., anp Wetnuouse, S8., in S. P. Cotowick ayp | 
N. O. Kaptan (Editors), Methods in enzymology, Vol. III, } 


Academic Press, Inc., New York, 1957, p. 275. 


. FriepMAN, T. E., anp HauGeEn, G. E., J. Biol. Chem., 14, | 


415 (1943). 


(1943). 


(1954). 


THE 


= 
11 
13 
15 
T 
17 by 
18 
acid 
19 hh 
oxid 
20 rs 
dats 
21 
29 caps 
23 glyc 
20 — | acid 
by 
was 
acid 
subs 
acid 
0.1 
inve 
acti 
Sine 
pH 
pH 
stop 
chlo 
inor; 
supe 
of ac 
mint 
gani 
enzy 
term 
The 
phot 
of 
ment 
Four 
XUM 


term photosynthesis experiments with algae (1-3). 


Tue JOURNAL OF BIOLOGICAL CHEMISTRY 
Vol. 236, No. 5, May 1961 
Printed in U.S.A 


Phosphoglycolic Acid Phosphatase** 


K. E. N. E. To.sBert 


From the Department of Agricultural Chemistry, Michigan State University, East Lansing, Michigan 


(Received for publication, December 2, 1960) 


The presence in plants of phosphoglycolic acid has been shown 
by labeling it with CO, and P*-orthophosphate during short 
In human 
erythrocytes, the presence of 2 mg per cent of phosphoglycolic 


: acid has been reported (4). 


In preliminary experiments crude tobacco sap was able to 
oxidize phosphoglycolic acid as readily as glycolic acid, yet 
highly purified glycolic acid oxidase, which had been isolated from 
the sap, was inactive towards the phosphoglycolic acid. The 
data suggested the presence of a phosphatase in tobacco sap 
capable of hydrolysis of phosphoglycolic acid. Partial purifica- 
tion and some of the properties of a specific enzyme, phospho- 
glycolic acid phosphatase, are reported in this paper. This 
enzyme system has been applied as an assay for phosphoglycolic 
acid in blood. 


EXPERIMENTAL PROCEDURE 


Phosphoglycolic acid was prepared from phosphoglyceric acid 
by oxidation with potassium permanganate (5). The product 
was chromatographically pure and free from phosphoglyceric 
acid. The other phosphate esters investigated as _ possible 
substrates were obtained from commercial sources. Glycolic 
acid oxidase was prepared from spinach or tobacco leaves (6-8). 

Phosphatase activity was assayed for 10 minutes at 30° in 
0.1 m Tris-acetate buffer unless otherwise specified. All the 
investigations concerning the enzyme kinetics were run with the 
active protein solution obtained after the CaPQO, gel treatment. 
Since the pH optimum shifted upon addition of metal cofactors, 
pH 6.3 was routinely used when no cofactors were added, and 
pH 5.0 when Cot+ was added. Enzymatic hydrolysis was 
stopped with addition of 10% trichloroacetic acid. The tri- 
chloroacetic acid solution was centrifuged, and the quantity of 
inorganic phosphorus released in the reaction determined on the 
supernatant by the method of Fiske and SubbaRow (9). A unit 
of activity was defined as the release of 1 ug of phosphorus in 10 
minutes. Specific activity equaled the number of yg of inor- 
ganic phosphorus released in 10 minutes per mg of protein. The 
enzyme activity could also be followed by the colorimetric de- 
termination of the free glycolic acid formed in the reaction (10). 
The protein was determined in crude plant homogenates by the 
Kjeldahl method and in purified preparations by the spectro- 
photometric method (11). All assays were run within the range 
of 50 to 375 units of enzyme in the presence of 10 to 20 umoles 


* Journal Article No. 2718 of the Michigan Agricultural Experi- 
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of phosphoglycolic acid. The assay was linear within these 
limits. 


RESULTS 


Purification—One or two bushels of freshly harvested tobacco 
leaves were washed, and the midrib of each leaf was removed. 
The leaves were chopped into small segments and then ground 
for 2 to 4 minutes in a large Waring Blendor with a minimum of 
cold distilled water. This slurry was strained through cheese- 
cloth to remove the major cell debris, and the specific activity of 
the crude sap was determined. 

Each subsequent step was performed at 0° in a cold room. 
The pH was adjusted from approximately 5.5 to 8.3 with 2 Nn 
NaOH. After standing for 15 minutes, the crude sap was 
centrifuged for 10 minutes at 8000 x g. The heavy green 
precipitate was discarded and the specific activity of the clear 
brown supernatant determined. 

A total of 236 g of ammonium sulfate per liter of the alkaline 
(pH 8.3) supernatant solution was slowly added with continu- 
ous stirring. The solution was allowed to stand for 15 minutes 
after the final addition of ammonium sulfate and then was cen- 
trifuged for 10 minutes at 8000 x g. This precipitate contained 
the majority of the glycolic acid oxidase present in tobacco. An 
additional 200 g of ammonium sulfate per liter of original solu- 
tion were added and the solution was again centrifuged at 
8000 x g. The supernatant was discarded and the precipitate 
taken up in 0.02 m Tris buffer, pH 8.3. 

The pH of the solution was adjusted to 5.8 with 2 n HCl. 
Ammonium sulfate was added slowly with stirring until a 
precipitate formed. The protein was removed by centrifuga- 
tion and the process repeated. Each precipitate was taken up 
in 0.02 m Tris buffer, pH 8.3, and assayed for enzyme activity. 
The fractions which contained the highest specific activity 
usually precipitated between 229 and 315 g of added ammonium 
sulfate per liter. These were combined for further purification. 

After adjustment of the pH of the solution to 6.0, successive 
aliquots of calcium phosphate gel (30 mg per ml) were added. 
The specific activity of the supernatant solution was determined 
after the removal of each gel aliquot by centrifugation. Gener- 
ally, aliquots of 60 mg of calcium phosphate gel or 2 ml were 
added to 20 ml of the ammonium sulfate enzyme preparation. 
The addition of 120 mg of gel failed to remove any enzyme ac- 
tivity. The majority of the activity came down with the next 
120 mg of gel. The gel fractions which absorbed significant 
quantities of the enzyme were combined and washed several 
times with cold distilled water. The enzyme was removed from 
the gel by washing with phosphate buffer, pH 8.3, at increasing 
molarities. Phosphate buffer up to 0.01 m did not remove the 
active enzyme from the gel, but between 0.01 and 0.1 M, all 
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activity was removed. Inactive protein was removed by 0.01 
M buffer, so that the enzyme obtained with 0.1 m buffer had the 
highest specific activity. Tris buffer failed to elute the enzyme 
at any molarity or pH. The phosphate buffer eluates were 
dialyzed overnight to remove inorganic phosphate before their 
specific activities could be determined. Those fractions with 
the highest specific activities were combined for further purifica- 
tion. At this stage the enzyme was stable for at least 3 months 
when stored in 1-ml aliquots at —17°. 

Further purification was obtained by adsorption and subse- 
quent elution of the enzyme preparation from a DEAE-cellulose 


TABLE I 
Summary of purification procedure 


| Specific activity 
Stage of purification Units X 105 
pH 6.3 pH 5.0, Cot* 
Crude tobacco sap............. 28.7 4.4* 14.7* 
Supernatant, pH 8.3, centrifuga- 

Ammonium sulfate, pH 8.3..... 12.9 12.5 35.0 
Ammonium sulfate, pH 5.8..... 11.2 31.0 72.0 
Calcium phosphate gel eluate. .. 5.7 188.0 540.0 
DEAE-cellulose, 0.12 m NaCl... 2.8 480.0 1340.0 


*Since other plant phosphatases may hydrolyze phospho- 
glycolic acid, the initial activity observed may include the hy- 
drolysis of the substrate by additional enzymes as well as by 
phosphoglycolic acid phosphatase. 
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column. A glass column (1.1 X 30 cm) was filled to a height of 
5 em with DEAE-cellulose. The column was washed well with 
cold distilled water, and after standing at 0° for 2 hours, ay 
aliquot of the enzyme preparation from the previous step was 
placed on the column. The column was then washed with 19 
ml of cold distilled water followed by 30 ml of 0.1 Mm NaC] jp 
0.02 m Tris buffer, pH 8.3. The latter elution removed inorganje 
phosphate, but it contained no enzyme activity. The colump 
was then washed successively with 30-ml fractions of 0.12 y 
0.14 mM, and 0.16 m NaCl in 0.02 m Tris buffer, pH 8.3. The 
major portion of the activity was removed with the 0.12 y 
NaCl eluate, although some activity was found in the two fol. 
lowing eluates. The enzyme of this purity was stable when 
stored at —17°. 
_ The purification obtained by this procedure is summarized jn 
Table I. A purification of about 110-fold was obtained accord. 
ing to the assay at pH 6.3, or 90-fold when assayed at pH 5) 
with Cot* present. The actual purification may be considerably 
higher, depending on how much of the phosphatase activity in 
the crude sap preparation was due to phosphatases other than 
phosphoglycolic acid phosphatase. Mature tobacco plants 
yielded preparations of higher purification than young plants 
which were grown in the greenhouse. ° 

Specificity—When incubated at pH 6.3 and 30°, crude tobacco 
sap hydrolyzes a considerable number of phosphate esters (Table 
II). Hydrolysis was probably due to the existence of a group of 
phosphatases rather than one phosphatase with an extremely 
general specificity. This was indicated by changes in relative 


activity encountered as phosphoglycolic acid phosphatase was © 


TABLE II 
Specificity of enzyme 
Relative enzyme activity at each stage of purification was determined as ug inorganic phosphorus liberated in 10 minutes per ml of 


protein solution. 


: CaPOQO, gel 
Substrate Amount Crude sap pH 6.3 action 
pH 6.3 pH 5.0, Cot+ 

umoles ug P; ug Py ug P; ug P; ug 
50 35 50 17.5 0 
10 40 3 11 0 
Phosphoglycolaldehyde........................ 6 17 0 0 
Dihydroxyacetone phosphate.................. 4 0 0 0 
Glucose 6-phosphate 50 10 17 0 
Propanediol phosphate........................ 50 52.5 22.5 0 0 
o-Phosphoethanolamine........................ 50 0 0 
Sodium pyrophosphate........................ 50 165 148 30 2 
Adenosine 5-phosphate........................ 26 57.5 45 0 0 
25 20 18 0 0 
Adenosine diphosphate. ...................... 20 140 98 8 11 0 
Adenosine triphosphate........................ 17 125 88 18 10 0 
o-Nitrophenyl phosphate....................... 9 51 11 a 0 
Phenolphthalein diphosphate............,..... 17 212 23 36 0 


* Cobalt caused precipitation of the pyrophosphate so that accurate determinations of enzyme activity were not possible. 
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‘sed. Ammonium sulfate fractionation resulted in a relative 
increase in enzymatic activity toward phosphoglycolic acid, 
phosphogly ceric acid, and glucose 6-phosphate. Subsequent 
treatment with calcium phosphate gel eliminated the enzymes 
acting on the majority of the phosphate esters investigated. 
Enzymatic activity remained for phenyl phosphates, pyrophos- 
phates, glycerophosphates, and phosphoglycolic acid in the 
fraction selected. However, only phosphoglycolic acid failed to 
show a marked relative decrease in activity. Assay of enzymatic 
activity at pH 5.0 with Co** increased the rate of hydrolysis of 
phosphoglycolic acid, 2-phosphoglyceric acid, and phenylphos- 
phates, but decreased that of 3-phosphoglyceric acid and pyro- 
phosphates. 

The enzyme preparation obtained on purification with DEAE- 
cellulose showed enzymatic activity toward only phosphoglycolic 
acid. Because Co** precipitated pyrophosphate, the activity 
of the enzyme at pH 6.3 without Cot++ was tested. There was no 
hydrolysis of the pyrophosphate, although the enzyme was very 
active on phosphoglycolate. 

Phosphoglycolic acid phosphatase was found predominately 
in the cell cytoplasm rather than in the chloroplasts. The rela- 
tive activity on a total protein nitrogen basis for these two 
fractions was found to be approximately 10:1 in favor of the 
cytoplasm. 

Cofactors—A divalent cation was required for enzyme activity. 
Since activity without cofactors was observed during the puri- 
fication procedure, it was assumed that a natural cofactor re- 
mained bound to the enzyme. Thus the enzyme from the CaPO, 
gel stage of purification was active without added cofactors, but 
addition of Co++ or Zn++ stimulated the enzymatic hydrolysis of 
phosphoglycolic acid (Fig. 1). Other metals did not stimulate 
the activity. However, when the endogenous cofactor formed a 
complex with EDTA,! the addition of Co++, Mm*+*, Mg*+, or 
Nit+ restored activity (Fig. 1). Since Mg*++ and Mn++ returned 
the enzyme activity to nearly the same level as that of the un- 
treated enzyme, it is possible that they may be the natural 
cofactors. 

Since the activation of the EDTA-treated enzyme with Mn**, 
Mg++, and Ni++ may have been due to replacement of the natural 
endogenous cofactor from its complex with EDTA, the effect of 
these metals was further tested upon the CaPQO, gel enzyme 
which had been treated with EDTA and then dialyzed to remove 
the cofactor-EDTA complex (Table III). A 10-* m concentra- 
tion was optimal for stimulating enzyme activity by Cot++, Nit*, 
Cu*+, Fe+++, Pbt++, and Zn++. Mgt+ and Mnt+ were more 
active at 10-? m. Cutt, Zn++, and Pb*++ severely inhibited 
activity at 10-2 m. Fet+ and Ca++ showed no activation. 

From these results it appeared that metal activation of phos- 
phoglycolic acid phosphatase was nonspecific. In general, the 
degree of activation depended upon the nature of the divalent 
cation, its concentration, and the pH of the system. Co*++ was 
routinely employed as the activator even though greater stimula- 
tion was observed with Zn++, because the latter showed a severe 
inhibitor effect at higher concentrations. 

pH Optimum—The enzyme as isolated at the CaPO, gel stage 
of purity was active without added cofactors over a pH range 
of 5.0 to 8.0 with an optimum around 6.0 to 6.3 (Fig. 2). The 
addition of a divalent cation to the system causes a shift, de- 
pending on the cation employed, in the pH optimum to the acid 


sg abbreviation used is: EDTA, ethylenediaminetetracetic 
acid. 
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and 150 uwmoles of Tris-acetate buffer, pH 6.3. O 


P; 


Te) 


ro) 


30 


20 
MINUTES 

Fic. 1. EDTA inhibition and its reversal by divalent metals. 
Each reaction mixture contained in a total volume of 3.5 ml: 60 
units of enzyme without added cofactors from CaPQO, gel purifica- 
tion; 10 umoles of phosphoglycolic acid to be added at zero time; 
O, to the 
control was added 25 umoles of EDTA or 2.5 umoles of Co** for 
10 minutes preincubation at 30° before addition of phosphogly- 
colic acid. @—@, 2.5 umoles of metal cofactors were added 10 
minutes after addition of phosphoglycolic acid to the enzyme with 
EDTA. 


TaB_LeE III 
Metal activation of phosphoglycolic acid phosphatase 

Each reaction mixture contained in a final volume of 2.75 ml: 
10 umoles of phosphoglycolic acid; 60 units of metal-free enzyme 
from EDTA treatment of the CaPO, gel enzyme followed by 
dialysis; 150 umoles of Tris-acetate buffer, pH 6.3; and metals at 
the concentrations indicated. The mixtures were preincubated 
at 30° for 10 minutes and then the release of inorganic phosphorus 
from phosphoglycolic acid was determined. 


Molarity 
Metal 
0 | 10-5 | 10-* | 1073 1072 
ug P; 

Cobaltous sulfate. ............ 11 9 13 79 75 
Magnesium chloride........... 11 19 28 36 49 
Manganese chloride........... 11 10 11 54 56 
Nickel sulfate................. 11 11 12 28 26 
Copper chloride............... 11 11 58 5 
Ferrous sulfate............... 11 11 30 18 
Ferric chloride................ 11 6 
Calcium chloride.............. ll 13 4 2 
Lead acetate.................. 11 12 20 3 


side, between 4.5 and 5.5. The optima for several divalent 
cations are shown in Figs. 2 and 3. At 4° and pH 4.5 the enzyme 
was stable for several hours or more, but it was rapidly and 
irreversibly inactivated at pH 3.5. 

Enzyme Velocity—The enzymatic nature of the hydrolysis was 
indicated by the increase in velocity as the enzyme concentration 
was increased (Fig. 4). The Michaelis constant, Kn, of the 


phosphatase with Co*+ as activator was found to be 2.5 X 107° aM. 
Inhibitors—t-Tartaric acid, ascorbic acid, and oxalic acid, 
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150 


50 


i i i 
"5 4 5 6 7 8 


Fic. 2. pH optimum of the enzyme. The reaction mixture 
contained the following in a total volume of 3.5 ml: 200 umoles of 
Tris-acetate buffer at indicated pH; 10 umoles of phosphoglycolic 
acid; 75 units of enzyme; and 20 umoles of cobaltous sulfate where 
indicated. The pH of the reaetion was determined at the comple- 
tion of the incubation period. 


SOF 


3 


Fic. 3. pH optimum in the presence of metal cofactors. Ex- 
perimental conditions were the same as described in Fig. 2 except 
that 3.5 umoles of metal cofactors were used. The enzyme (50 
units) had been treated with EDTA and then dialyzed against 
cold distilled water. 


which have been reported to inhibit some phosphatases (12, 13), 
showed no inhibition with phosphoglycolic acid phosphatase 
(Table IV). However, NaF, a well known inhibitor of phos- 
phatases, gave a better than 50% inhibition at 8 X 10-3m. The 
enzyme was strongly inhibited by cysteine and reduced gluta- 
thione. p-Chloromercuribenzoate inhibition of the enzymatic 


activity could not be restored by careful addition of either 
cysteine or glutathione at noninhibiting levels. 
no inhibitory effect. 

Product of Reactton—Enzymatic hydrolysis of phosphoglycolic 
acid with the purified phosphatase was complete, and stoichio- 
metric yields of glycolic acid and orthophosphate were obtained 
(Table V). 


Iodoacetate had 


Phosphoglycolic Acid Phosphatase 


In the crude tobacco sap and the alkaline ammonium sulfgt, 
fraction, all the glycolic acid produced from hydrolysis of Phos. 
phoglycolic acid was rapidly oxidized by the glycolic acid oxida 
present. However, purified glycolic acid oxidase did not hy. 
drolyze or oxidize phosphoglycolic acid, and purified phospho. 
glycolic acid phosphatase had no effect on glycolic acid. ney. 
bation of purified glycolic acid oxidase, purified phosphoglycole 
acid phosphatase, and phosphoglycolic acid in a Warburg vegge| 


resulted in an uptake of oxygen stoichiometrically equivalen | 


to the substrate present. 
Determination of Phosphoglycolic Acid—Several methods fo 


quantitative determination of phosphoglycolic acid which em. | 


ployed phosphoglycolic acid phosphatase were devised. 

1. Manometric method: Phosphoglycolic acid may be de. 
termined by measuring the total oxygen consumed when the 
glycolic acid obtained upon hydrolysis with phosphoglycolic 


80Fr 
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75 


Fic. 4. The effect of enzyme concentration on reaction veloc- — 
ity. The reaction mixtures contained the following in a total © 


volume of 3.6 ml: 200 umoles of Tris-acetate buffer; 20 umoles of 
phosphoglycolic acid; indicated units of protein from the CaP0, 
gel purification step. ©@ @, no metal cofactors were added 
and pH was 6.3; O——O, 10 umoles of CoSO, and pH was 50. 


TABLE IV 
Effect of inhibitors on phosphoglycolic acid phosphatase 
The reaction mixture contained the following in a total volume 
of 3.0 ml: 55 units of enzyme; 10 umoles of phosphoglycolic acid; 
150 umoles of Tris-acetate buffer, pH 6.3; and the concentration 
of inhibitor as indicated. 


Inhibitor Concentration P; released) Inhibition 

M % 
Ascorbic acid................ 8x 10-3 55 0 
3 X 1073 54 0 
8 10-3 5 90 
Glutathione............... 8 1073 9 84 
p-Chloromercuribenzoate..... 1 1073 5 90 
3 x 10-3 57 0 
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acid phosphatase is oxidized by glycolic acid oxidase. Phos- 
phoglycolic acid may be determined in the presence of free 
slycolic acid by determining O, utilization with purified glycolic 
acid oxidase in the presence and absence of phosphoglycolic acid 
phosphatase. Likewise, lactic acid, a-hydroxybutyric acid, and 
glyoxylic acid, which are oxidized by glycolic acid oxidase, may 
be corrected for by controls without the phosphatase. The 
major limitation encountered with this method is the relatively 
large quantity of phosphoglycolic acid required for accurate 


determinations. 


9. Colorimetric determination of free glycolic acid: Phospho- 
glycolic acid may be determined by assaying colorimetrically 
with 2,7-dihydroxynaphthalene according to the method of 
Calkins (10) for the free glycolic acid obtained by hydrolysis with 
phosphoglycolic acid phosphatase. This procedure is satisfactory 
when pure samples of phosphoglycolic acid are employed as 
shown in Table V, but many substances will interfere with the 
assay of mixed biological samples (14). 

3 Colorimetric determination of inorganic phosphorus: 
Phosphoglycolic acid may be determined by taking advantage of 
the substrate specificity of phosphoglycolic acid phosphatase. 
Since the purified enzyme hydrolyzes only phosphoglycolic acid, 
the total phosphate released is equivalent to the concentration of 
phosphoglycolic acid. This procedure is extremely sensitive 
and assays may be run on relatively crude samples. 

4, Assay of erythrocytes for phosphoglycolic acid: The phos- 
phoglycolic acid content of human erythrocytes was assayed by 
the above methods. A liter of washed erythrocytes was treated 


with 10% trichloroacetic acid and the protein removed by filtra- 


tion and washed with additional trichloroacetic acid. The 
phosphate esters in the combined supernatants were precipitated 
with barium acetate from an 80% ethanol solution. The precipi- 
tate was solubilized by treating with Dowex 50 (H*) and the 
phosphoglycolic acid content determined. When 100 umoles of 
phosphoglycolic acid were added as carrier in this procedure, 
75 to 85 umoles were recovered. When no phosphoglycolic acid 
was added, endogenous phosphoglycolic acid could not be de- 
tected in human erythrocytes. Consequently, its reported 
presence in normal erythrocytes at a concentration of 2 mg per 
cent (4) is highly questionable. Our results appear to confirm 
those of Bartlett (15) who found no phosphoglycolic acid in red 
cells by a column chromatographic assay. 


DISCUSSION 


Phosphoglycolic acid is found in plant tissues (1-3), but its 
function and route of synthesis have not been fully established. 
It is logical to assume that it is the immediate precursor in the 
biosynthesis of glycolic acid. Both phosphoglycolic acid and 
glycolic acid are rapidly labeled during photosynthetic CO. 
fixation. In such a pathway, phosphoglycolic acid phosphatase 
would catalyze the final enzymatic step yielding free glycolic 


acid. Several investigations suggest that glycolic acid and 
_ phosphoglycolic acid are formed from the 1 and 2 carbons of the 


pentose phosphates of the photosynthetic carbon pathway. 


Uniform labeling in carbons 1 and 2 of ribulose 1 ,5-diphosphate 
(16) and glycolic acid (1, 17) was found in short term CO, 


fixation experiments. Experiments have not been reported 
which actually show that glycolic acid is labeled during photo- 
synthesis after the 1 and 2 carbons of the pentoses of the carbon 
cycle. Since glycolic acid is labeled more slowly during C™O, 


_ fixation than phosphoglyceric acid, the glycolate moiety is believed 
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TABLE V 
Stoichiometry of enzyme system 

The reaction mixtures contained the following in a total of 5.0 
ml: 263 units of phosphoglycolic acid phosphatase; 25 umoles of 
cobaltous sulfate; 275 umoles of Tris-acetate buffer, pH 5.0; and 
phosphoglycolic acid as indicated. The reaction mixture was 
incubated for 2 hours at 30°. The phosphorus and glycolate re- 
leased were determined as indicated under ‘Experimental Pro- 
cedures.”’ 


Hydrolysis Products 
Phosphoglycolic acid 
Phosphorus Glycolate 

pmoles umoles pumoles 
4 3.85 3.92 

8 8.1 8.1 

12 12.6 11.8 

16 16.4 15.9 

20 20.1 19.7 


to be a constituent of a pathway from the photosynthetic carbon 
cycle rather than an actual part of it. In addition, it has been 
shown that cell-free spinach extracts convert ribose 5-phosphate- 
1-C™ to a-labeled glycine, presumably via glycolic acid (18). 
In vivo, ribose-1-C" was readily converted into both glycolic acid 
and glycine which were labeled predominately in the a-carbon 
(19). The splitting of a pentose phosphate of the photosynthetic 
carbon cycle between the 2 and 3 carbon atoms would produce 
a free 2-carbon phosphate compound which would be oxidized to 
phosphoglycolic acid. The presence of a specific phosphatase 
for phosphoglycolic acid tends to support this postulated meta- 
bolie sequence. 

Phosphoglycolic acid may be important as a product of light- 
dependent phosphorylation. Glycolic acid, or a metabolic 
derivative, stimulated organic phosphate accumulation by light- 
dependent phosphorylation in Ankistrodesmus braunit (20). A 
glycolic acid kinase in tobacco preparations has not been detected, 
however, possibly as a result of the presence of a high concentra- 
tion of phosphoglycolic acid phosphatase. 

Phosphoglycolic acid may also function in the unique move- 
ment of glycolic acid across cell membranes. Glycolic acid is 
excreted in large amounts into the media by Chlorella cells (21) 
and by isolated chloroplasts of spinach, tobacco, or swiss chard 
(22). Phosphorylation and dephosphorylation of glycolic acid 
may be necessary in this transport system. 

Phosphoglycolic acid phosphatase might have some other 
function than the hydrolysis of phosphoglycolic acid, but none 
has been detected. No CO, was fixed by the system when the 
phosphatase was incubated with its substrate. 

The existence of a variety of phosphomonoesterases in higher 
plants has been indicated by the work of several investigators. 
Boroughs (23) has reported the presence of two isodynamic 
phosphatases in crude spinach and tobacco saps. A number of 
different phosphatases in wheat sap have been indicated by the 
varied degree of activation and inhibition of divalent metals 
and by heat inactivation of the different enzymatic activities 
(24). In the present investigation the change in relative activity 


toward numerous phosphate esters as the protein was purified 
for the phosphatase specific for phosphoglycolic acid suggests 
the presence of a considerable number of other phosphatases in 
the crude tobacco leaf sap. The marked specificity in a phos- 
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phatase-type reaction as demonstrated by phosphoglycolic acid 
phosphatase is unusual in view of the nonspecificity generally 
associated with such systems. The recent isolation of a non- 
specific acid phosphatase from wheat germ represents a more 
typical type of plant phosphatase (25). 


SUMMARY 


Phosphoglycolic acid phosphatase has been isolated and 
partially purified from tobacco leaves. The enzyme is specific 
for phosphoglycolic acid. The characteristics of the enzyme 
have been determined and methods developed for quantitatively 
analyzing phosphoglycolic acid by means of this enzyme. No 
phosphoglycolic acid could be detected in human red blood cells. 
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Aromatic Hydrocarbons of Different 
Molecular Sizes* 


JosEPH C. Arcos,f A. H. ConneEy,{ AND Na. Px. Buv-Hotr 


From the Cancer Research Laboratory, Department of Pharmaceutical Chemistry, University of Florida, Gainesville, Florida, 
the Laboratory of Chemical Pharmacology, National Heart Institute, National Institutes of Health, Bethesda 14, Maryland, 
and the Department of Organic Chemistry, Radium Institute, University of Paris, Paris, France 


(Received for publication, December 16, 1960) 


The administration of various polycyclic aromatic hydrocar- 
bons to rats markedly increases the activity of several liver en- 
zyme systems that metabolize certain drugs and other foreign 
compounds (1-4). The enzymes which respond to hydrocarbon 
administration belong to a group of microsomal enzymes that 
require reduced triphosphopyridine nucleotide for activity. 
Preliminary observations have suggested the possibility that 
hydrocarbons may have an optimal molecular size for activity 
as enzyme inducers (5). In the present investigation 57 hydro- 
carbons differing widely in molecular size and geometry have been 
compared for ability to induce increases in the activity of the 
enzyme system in liver microsomes that N-demethylates 3- 
methyl-4-monomethylaminoazobenzene.'! Representative 
drocarbons were also tested for (a) ability to increase the activity 
of the liver microsomal enzyme system that hydroxylates the 
muscle relaxant drug zoxazolamine,? and (6) ability to shorten 
the duration of action of a paralytic dose of zoxazolamine. Evi- 
dence is presented here that there is an optimal molecular size 
range for the polycyclic aromatic hydrocarbons to induce the 
synthesis of microsomal enzymes in the rat liver. 


EXPERIMENTAL PROCEDURE 


Sprague-Dawley male rats weighing 45 to 55 g were main- 
tained on a 22% casein diet containing high levels of vitamins (6) 
for 4 to 7 days before each experiment. For the azo dye N- 
demethylase studies, the polycyclic hydrocarbons* were admin- 


*This investigation was supported in part by Grant C-4351 
from the National Cancer Institute, United States Public Health 
Service. 

t Present address, Research Laboratory, United States Public 
Health Service Hospital, and the Departments of Medicine and 
Biochemistry, Tulane University School of Medicine, New Orleans, 
Louisiana. 

{ Present address, The Wellcome Research Laboratories, Tuck- 
ahoe, New York. 

'This compound was obtained through the courtesy of Drs. 


- James A. Miller and Elizabeth C. Miller of the University of 


Wisconsin. 
*Zoxazolamine (2-amino-5-chlorobenzoxazole) was obtained 
from the McNeil Laboratories, Philadelphia, Pennsylvania. 
*Commercially available hydrocarbons were purchased from 
the Eastman Kodak Company, Rochester 3, New York; Chemicals 
Procurement Company, New York 36, New York; the H. M. 


_ Chemical Company, Ltd., Santa Monica, California; and from 
_ the Aldrich Chemical Company, Milwaukee 10, Wisconsin. For 


istered by intraperitoneal injection at levels equimolar to 0.5 mg 
(1.86 wmoles) of 20-methylcholanthrene in 0.25 ml of corn oil per 
rat except when the dose response was studied. In the experi- 
ments with zoxazolamine the quantities of the hydrocarbons 
administered were equimolar to 1 mg of 20-methylcholanthrene 
in 0.25 ml of corn oil per rat. For the studies of liver protein 
synthesis, the amounts of hydrocarbons injected intraperitoneally 
were equimolar to 1 mg of 20-methylcholanthrene in 0.5 ml of 
corn oil. Control animals received injections of corresponding 
volumes of corn oil. The hydrocarbons were administered 22 to 
24 hours before the determination of enzyme activities, or before 
the determination of the duration of action of zoxazolamine. 
The duration of action of this drug was estimated as previously 
described by determining when the rats regained their righting 
reflex after a paralytic dose of zoxazolamine (7). In the studies 
of total protein synthesis the hydrocarbons were injected 1, 2, 3, 
or 4 days before the animals were killed. 

Enzyme Assays—The rats were killed by decapitation, their 
livers were removed, and 10% homogenates were prepared at 2—4° 
in 1.15% KCl. Azo dye N-demethylase activity was estimated 
by incubating whole homogenate equivalent to 100 mg of liver 
with 150 ug of 3-methyl-4-monomethylaminoazobenzene for 12 
minutes in the presence of a cofactor mixture as previously de- 
scribed (1). Formation of 3-methyl-4-aminoazobenzene was 
measured. The amount of zoxazolamine hydroxylase in the 
liver was determined by measuring the disappearance of zoxazol- 
amine when liver homogenate equivalent to 100 mg of liver was 
incubated with 100 ug of drug for 20 minutes in the presence of a 
cofactor mixture as previously described (8). The polycyclic 
hydrocarbons were tested for ability to stimulate the azo dye 
N-demethylase and the zoxazolamine hydroxylase systems by 
injecting each hydrocarbon into three rats. The livers of the 
three rats were assayed individually for azo dye N-demethylase 
activity. For the estimation of zoxazolamine hydroxylase the 
livers were pooled and the assays were carried out in triplicate. 
Six experiments were performed with the azo dye N-demethylase 
system. In each experiment three rats were treated by injection 
with corn oil and served as negative controls, and three rats were 
injected with 20-methylcholanthrene and served as positive con- 
trols. Nine to 12 other hydrocarbons were tested in each experi- 


the gift samples of other polycyclic hydrocarbons our warm thanks 
are due to Drs. J. L. Hartwell, H. Inokuchi, M. 8S. Newman, and 
F. A. Vingiello. 
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INCUMBRANCE AREA A2 


Fic. 1. Induction of azo dye V-demethylase enzyme synthe 
in rats pretreated with polycyclic hydrocarbons of differen, 
molecular size. Rats were treated by intraperitoneal injectio, 
with polycyclic hydrocarbons equimolar to 0.5 mg of 20-methy). 
cholanthrene. Hepatic azo dye N-demethylase assays wey 
carried out 22 to 24 hours later. Three rats were used for eg¢} 
compound tested, and the livers were assayed separately. Fo 
the assay, liver homogenate equivalent to 100 mg of liver wa 
incubated with 150 ug of 3-methyl-4-monomethylaminoazobep. 
zene for 12 minutes. The percentage of increase in azo dye J. 
demethylase activity is represented on the ordinate, and th 
molecular size expressed as the incumbrance area is represente; 
on the abscissa. Other details of this experiment are give, 


under ‘‘Experimental Procedure.’’ The identification number} 


in the figure correspond to the polycyclic hydrocarbons as folloys. 
1. benzene; 2. naphthalene; 3. azulene; 4. anthracene; 4. benzo. 


(c)cinnoline; 6. acenaphthene; 7. durene; 8. fluorene; 9. 4-az3. 
fluorene; 10. phenanthrene; pyrene; 12. naphthacene; 13 


fluoranthene; 14. 2-azafluoranthene; 15. perylene; 16. 1,2-benzo. 
fluorene; 17.3, 4-benzofluorene; 18. 2,3-benzofluorene; 19. chrysene: 
20. 3,4-benzophenanthrene; 21. 1,2-benzanthracene; 22. 8-methyl. 
1,2-benzanthracene; 23. pentacene; 24. retene; 25. triphenylene: 
26. 3,4-benzopyrene; 27. 1,2-benzopyrene; 28. anthanthrene: 
29. 9-methyl-1,2-benzanthracene; 30.  1’-methyl-1,2-benzap. 


thracene; 31. picene; 32. 10-methyl-1,2-benzanthracene; 33. 2} 
methyl-1,2-benzanthracene; 34.9, 10-dimethyl-1, 2-benzanthracene 
35. 1,12-dimethyl-3,4-benzophenanthrene; 36. 5,8-dimethyl-3,4.f 
benzophenanthrene; 87. 1,2,5,6-dibenzanthracene; 38. coronene: } 
39. 4-methyl-1,2-benzanthracene; 40. 20-methylcholanthrene:} 


41. 3,4,8,9-dibenzopyrene; 42. 3,4,9,10-dibenzopyrene; 43. 3,9. 
dimethylanthanthrene; 44. 
45. 5-methyl-3,4,8,9-dibenzopyrene; 46. 1,2,4,5-dibenzopyrene: 
47. 1,2,3,4-dibenzanthracene; 48. 2’-methyl-1,2,3,4-diben. 


zopyrene; 49. 
6’-methylnaphtho(2’,3’:3,4)pyrene; 6/. 


cene; 52. 10-phenyl-1,2-benzanthracene; 53. 9, 10-diphenylanthra 


cene; 54. violanthrene; 55. pyranthrene; 56. 10-(2-naphthyl)-1,2-[ 


benzanthracene; 57. graphite. 
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Fic. 2. Dose response relationship in the induction of azo dye NV 


rats were killed for enzyme assay 24 hours after a single injection of various amounts of polycyclic hydrocarbons. Liver homogenate 
equivalent to 100 mg of liver was incubated with 150 ug of 3-methyl-4-monomethylaminoazobenzene for 12 minutes. Each point repre 
sents the average enzyme activity obtained with three livers. 


-demethylase enzyme synthesis by polycyclic hydrocarbons. The 
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PERCENTAGE INCREASE OF ZOXAZOLAMINE METABOLISM 
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Fic. 3. Induction of hepatic zoxazolamine hydroxylase enzyme 
synthesis in rats pretreated with polycyclic hydrocarbons of 
diferent molecular size. Rats were treated by intraperitoneal 


T 
100 


injection with polycyclic hydrocarbons equimolar to 1.0 mg of 
- -methyleholanthrene 22 to 24 hours before they were killed. 
The pooled livers of three rats were used for each compound. 
Liver homogenate equivalent to 100 mg of liver was incubated 


with 100 wg of zoxazolamine for 20 minutes. 


The control level 
corresponds to the metabolism of 4 wg of zoxazolamine. The 


_ identification numbers in the figure correspond to the polycyclic 


hydrocarbons as listed in the legend to Fig. 1. 


ment for ability to increase the azo dye N-demethylase system. 


_ The enzyme activities of the liver homogenates of the three rats, 


used per hydrocarbon, varied within about +10%. 


The average 


amount of 3-methyl-4-aminoazobenzene formed by the 18 corn 


_ iltreated controls in the six experiments was 10.5 + 1.5 ug, 


_ Whereas the average amount formed by the 18 20-methylcho- 
_ lanthrene-treated rats in the six experiments was 35.8 + 4.7 ug. 
_ This corresponds to an over-all average increase of 241% in azo 


dye N -demethylase activity caused by 20-methylcholanthrene. 
_ The mean percentage of increase obtained with 20-methylcho- 


lanthrene, however, varied somewhat among the six experiments. 


_ To account for these variations, the percentage of increase in 
_ tyme activity obtained with a particular hydrocarbon was cal- 
_ culated for final tabulation by multiplying the percentage of 


- ‘inerease caused by that hydrocarbon in the given experiment by 
the ratio: 


241% 
‘increase with 20-methylcholanthrene in the given experiment. 


Calculation of Molecular Size of Polycyclic Hydrocarbons—The 
mamal rectangular envelope or incumbrance area of the poly- 
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cyclic hydrocarbons was calculated as previously described (9, 
10) by using the following parameters (11, 12): 1.41 A for the 
average length of the aromatic C=C bond in the polycyclic 
hydrocarbons and for the length of the aromatic —CH=N— 
bond; 1.54 A for the length of the aliphatic C—C bond; and 
3.7 A for the van der Waals diameter of the —CH— group in 
the aromatic nuclei. For the purpose of comparison, all hy- 
drocarbons were calculated as being coplanar. 

Liver Protein Determination—The rats were weighed, decapi- 
tated, and the entire livers were excised, blotted, and weighed. 
From 2 g of tissue samples, 20% homogenates were prepared in 
water, and protein was precipitated with 12 ml of a 20°% solu- 
tion of trichloroacetic acid. The precipitates were washed twice 
with 30-ml volumes of acetate buffer (57.4 g of anhydrous sodium 
acetate + 40.2 g of acetic acid per liter) and once with water. 
The precipitates were then extracted twice with 30-ml volumes 
of acetone for 10 minutes at 50°, and then washed twice with 
ether. The final sediments were dried and weighed. The 
weights were then calculated as grams of liver protein per 100-g 
rat. The determinations were carried out with livers from three 
rats for each hydrocarbon tested. 


RESULTS AND DISCUSSION 


Induction of Azo Dye N-Demethylase Enzyme Synthesis in Rats 
Treated with Polycyclic Hydrocarbons—Fig. 1 shows that the 
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Fic. 4. Shortened duration of zoxazolamine paralysis in rats 
pretreated with polycyclic hydrocarbons of different molecular 
size. Rats were treated by intraperitoneal injection with poly- 
cyclic hydrocarbons equimolar to 1.0 mg of 20-methylcholan- 
threne. The duration of action of zoxazolamine was determined 
22 to 24 hours later. The data given in Table I have been plotted 
here as a function of molecular size of the hydrocarbon. All 


values with probabilities higher than 0.20 have been reduced to 
the control level. 
to Fig. 1. 


The hydrocarbons are identified as in the legend 
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ability of polycyclic hydrocarbons to stimulate hepatic azo dye 
N-demethylase activity depends in part on the molecular size of 
the hydrocarbon. The molecular size of the polycyclic hydro- 
carbons that induce increases in.azo dye N-demethylase activity 
ranges between about 85 and 150 A*®. Not all the polycyclic 
hydrocarbons of this size, however, are active as inducers. 
Thus, optimal molecular size is not a unique requirement for 
inducer activity, but appears to be a steric factor limiting the 
inducer activity of the hydrocarbon. Certainly other factors 
such as the shape, coplanarity, polarizability, and reactivity for 
metabolic transformations will also affect the ability of a hydro- 
carbon to react with cellular constituents. In Fig. 1, absence of 
activity for many of the inactive hydrocarbons within the 85 to 
150 A? size range may be explained on the basis of stereochemical 
considerations. Thus, lack of molecular coplanarity may be one 
cause of inactivity because, in addition to the restrictive effect 
on the resonance of conjugated systems, it may increase the 
distance through which the forces of interaction between the 
inducer molecule and its cellular receptor site will operate. Lack 
of molecular planarity may account for the low activity or in- 
activity of 3,4-benzofluorene, 3,4-benzophenanthrene, and its 


TABLE 


Effect of polycyclic hydrocarbons on duration of 
zoxazclamine paralysis 


Rats were injected intraperitoneally with polycyclic hydro- 
carbons equimolar to 1.0 mg of 20-methylcholanthrene. The 
duration of zoxazolamine paralysis was determined 22 to 24 hours 
later by estimating when the animals regained their righting re- 
flex after an interperitoneal injection of 100 mg per kg of zoxazola- 
mine. The standard deviations are given, and the numbers in 
parenthesis indicate the number of animals used for each hydro- 
carbon. The identification number of the hydrocarbon refers to 
the sequence used in Fig. 1. 


| 
Duration of 


ication | Hydrocarbon | paralysis | 
| | 
| minutes 
| Control | 582 + 65 (16) 
2 Naphthalene + 86 (6) 
4 Anthracene 262 + 107 (5); 
6 | Acenaphthene 655 + 44 (6) | 20.50 
8  Fluorene 406 + 53 (6) >0.10 
12 Naphthacene 27 + 4 (6)! <0.001 
22. 8-Methyl-1,2-benzanthracene | 27+ 4 (6) <0.001 
28 Anthanthrene 26+ 2 (6) | <0.001 
34 9,10-Dimethyl-1,2-benzanthra- 73 + 11 (5) | <0.001 
| cene | 
37 11,2, 5,6-Dibenzanthracene 22 + 3 (6) <0.001 
38  Coronene 542 + 71 (6) >0.70 
40  20-Methylcholanthrene 20+ 4 (7) | <0.001 
43 3,9-Dimethyl-anthanthrene 433 + 86 (5) >0.20 
45 5-Methy1-3,4,8,9-dibenzopy- | 213 + 17 (6) >0.001 
rene 
49 6’,7’-Dimethylnaphtho(2’,3’:- 115 & 18 (5) | 20.001 
3,4)pyrene 
51 | 2’,1’-Anthra-1,2-anthracene 528 + 90 (6) | >0.60 
54  ~+Violanthrene 603 + 80 (6) >0.80 
55 | Pyranthrene 498 + 30 (6) >0.40 


* Based on null hypothesis for true difference between values 
for experimental (receiving a hydrocarbon) and control (injected 
with corn oil only) groups. 


Molecular Size and Induction of Enzyme Synthesis 
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5,8- and 1,12-dimethy! derivatives, 9-(1-naphthyl)-1 , 2-benzgp. 
thracene, retene, 10-phenyl-1,2-benzanthracene, and 9,104. 
phenylanthracene as enzyme inducers (Fig. 1). Similar eg). 
siderations may possibly account for the low activity of othe 
compounds in the series, and for differences in the activities oj 
isomers of comparable size. Thus, when all the monomethy. 
substituted 1,2-benzanthracenes were tested, it was found tha | 
the nonplanar 1’- and 9-methyl] derivatives were the least actiye | 
enzyme inducers in the series (cf. (3)). Lack of planarity, hoy. | 
ever, cannot explain the inactivity of the coplanar triphenylene. | 
coronene, 1,2-benzopyrene, and 3,9-dimethyl-anthanthrene 
The inactivity of these four compounds may be due to their high 
degree of structural symmetry, since earlier studies suggest that 
a high degree of structural symmetry of polycyclic hydrocarbons 
may be related to decreased ability to interact with biological 
systems (13, 14). 

The requirement for an optimal molecular size range and 
coplanarity for maximal enzyme induction makes apparent the 
importance of steric fit between the hydrocarbon molecules and 
the biological structures upon which they act. This suggests 
molecular adlineation of the surface of the hydrocarbon to the 
surface of the cellular receptor site, possibly akin to the formation 
of various types of molecular adsorption complexes (e.g. (15-19)), | 
In the operation of short range secondary valence forces that js 
implicit in such multipoint interactions, steric complementarity 
is required to achieve maximal contact. Similar conclusions | 
were reached by Albert et al. (20) by studying the relation 
between molecular size, coplanarity, and antibacterial action of 
certain polycylic aromatic amines. 

The dose response curves of anthanthrene, 20-methyleho- 
lanthrene, and 1,2,3,4-dibenzanthracene are shown in Fig. 2. } 
Although high doses of these hydrocarbons stimulate azo dye N- } 
demethylase to about the same extent, low doses of these com- 
pounds differ in activity. Thus, anthanthrene produces little 
or no stimulation, 20-methylcholanthrene causes a 70% stimu- 
lation, and 1,2,3,4-dibenzanthracene produces a 170% stimula- ' 
tion 24 hours after the intraperitoneal injection of 0.2 umole of — 
these hydrocarbons. The differences in activity of low doses of 
these hydrocarbons may reflect differing rates of metabolic inac- | 
tivation. It is of interest that the order of decreasing activity | 
of these hydrocarbons parallels the number of meso-phenan- | 
threnic regions (K-regions) in the molecule. | 

Induction of Zoxazolamine Hydroxylase Enzyme Synthesis in | 
Rats Treated with Polycyclic Hydrocarbons—Several representa- 
tive hydrocarbons were tested as inducers of zoxazolamine 
hydroxylase synthesis. The results of this study show that 
hydrocarbons that stimulate azo dye N-demethylase activity 
also stimulate the activity of hepatic zoxazolamine hydroxylase. 
Since this enzyme system metabolizes zoxazolamine to a pharma- 
cologically inactive metabolite, pretreatment of the rats with 
hydrocarbons that stimulate this enzyme system shorten the 
duration of action of a subsequent dose of zoxazolamine by 
accelerating its metabolism in vivo (7). Fig. 3 shows that hydro- 


carbons that stimulate the azo dye N-demethylase system will | 
The elevated 


also stimulate zoxazolamine hydroxylase activity. 
levels of this hydroxylase found in livers of rats pretreated with 
polycyclic hydrocarbons were paralleled by a markedly shortened 
duration of action of zoxazolamine (Table I and Fig. 4). Control 
rats were paralyzed for an average of 582 minutes, whereas 20- 
methylcholanthrene-treated rats were paralyzed for only 20 
minutes. It is of interest that the polycyclic hydrocarbons are 
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mg dry liver protein 
100 g body weight 


1100 - 20- METHYLCHOLANTHRENE 
1000 - 
900 - 
800- 


3,4 - BENZPHENANTHRENE 


2 


DAYS AFTER 


Fic. 5. Effect of polycyclic hydrocarbons on the synthesis of total liver protein. 
Liver protein was determined by gravimetry on trichloroacetic acid precipi- 


cholanthrene were injected intraperitoneally into rats. 


T T 
3 4 


INJECTION 
Hydrocarbons eguimolar to 1 mg of 20-methyl- 


tates. Each point represents the mean value obtained with three rats. 


apparently more potent in shortening the duration of zoxazol- 
amine paralysis than in enhancing the activity of zoxazolamine 
hydroxylase or azo dye N-demethylase. 

Induction of Liver Protein Synthesis by Polycyclic Hydro- 
carbons—The results presented in Fig. 5 show that 20-methyl- 
cholanthrene, naphthacene, and anthanthrene stimulate the 
synthesis of liver protein, whereas coronene and 3,4-benzo- 
phenanthrene are inactive. The increase in total liver protein 
observed here is due to increased liver size, for the amount of 
protein per gram of liver is not affected by hydrocarbon adminis- 
tration when compared to the controls. Other studies have 
shown that 1,2,5,6-dibenzanthracene and 3,4-benzopyrene 
stimulate liver growth and that pyrene is inactive (21-23). It 
ean be seen that for the hydrocarbons tested, there is a good 
correlation between ability to stimulate microsomal enzyme 
activity and ability to stimulate liver protein synthesis. In- 
vestigations are now being carried out to extend this correlation. 

The results presented here indicate that the ability of the 
polycyclic hydrocarbons to induce enzyme and _ total liver 
protein synthesis is not related to carcinogenic activity, but 
rather appears to be associated with certain aspects of the 
molecular geometry. Thus, naphthacene and anthanthrene 
which are both inactive as carcinogens (24), and also the potent 
carcinogen 20-methylcholanthrene (24), are all potent inducers 
of enzyme and total protein synthesis. On the other hand, the 
carcinogen 3 ,4-benzophenanthrene (24) did not stimulate enzyme 
synthesis or total liver protein synthesis. Another polycyclic 
hydrocarbon, coronene, is inactive both as a carcinogen (24) and 
as an inducer of enzyme or total liver protein synthesis. 

The mechanism by which polycyclic hydrocarbons enhance 
liver growth and the activity of liver microsomal enzymes is not 
known. The hydrocarbons do not appear to exert their effect 


through the pituitary or the adrenal gland (3). The available 
evidence strongly suggests that the hydrocarbons enhance the 
activity of certain liver microsomal enzymes by inducing their 
synthesis (1-4, 25). The results obtained here indicating that 
those hydrocarbons which stimulate the activity of liver micro- 
somal enzymes also stimulate the synthesis of total liver protein 
are consistent with induction of enzyme synthesis as being the 
cause of enhanced activity of hepatic microsomal enzymes. It 
is apparent, from the results presented here and elsewhere, that 
the polycyclic hydrocarbons exert a selective effect on protein 
synthesis, and that certain enzyme activities are increased faster 
and to a greater extent than is the total liver protein. This 
selective effect of 3,4-benzopyrene in stimulating only certain 
drug-metabolizing enzymes in liver microsomes has been pointed 
out previously (1). 


SUMMARY 


Polyeyelic aromatic hydrocarbons of an optimal molecular 
size of about 85 to 150 A? induce the synthesis of the liver 
microsomal enzymes that V-demethylate 3-methyl-4-monometh- 
ylaminoazobenzene and that hydroxylate zoxazolamine. How- 
ever, certain compounds that fall within this optimal molecular 
size range are inactive as enzyme inducers. The influence of 
other aspects of the molecular geometry of polycyclic hydrocar- 
bons on inducer activity is discussed. 

Administration of the potent enzyme inducers 20-methyl- 
cholanthrene, naphthacene, and anthanthrene stimulates liver 
growth and the synthesis of total liver protein. Administration 
of coronene or 3,4-benzophenanthrene, compounds which are 
inactive as enzyme inducers, has no effect on liver growth or on 
the synthesis of total liver protein. 
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- estradiol-173, and estriol are heated with sulfuric acid have al- 
~ ready been described (1-3), together with their relative fluores- 
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The fluorescence spectra of the material obtained when estrone, 


cence intensities in response to exciting light of different wave 
lengths (2). 

However, in order to design the most favorable optical condi- 
tions for the fluorometry of these estrogens in urinary extracts 
after chromatographic separation, and since separation from 
interfering material is unlikely always to be complete, it is clearly 
important to take into account the fluorescence characteristics of 
the interfering material running adjacent to each estrogen in - 
chromatographic system used. 

Fluorescence characteristics of this interfering material in the 
ease of column partition chromatography of the three estrogens 
in phenolic urinary extracts (4) are here described. 


EXPERIMENTAL PROCEDURE 


Apparatus 


Fluorescence Spectral Analysis—The apparatus was that de- 
scribed by Aitken and Preedy (2), with the following exceptions. 
(a) Only the 250-watt high intensity mercury compact source 
was used. The xenon are was not used. (b) The galvanometer 


was of greater sensitivity (Tinsley, type SS6-45, 20-cm scale, 


deflection 1270 mm per pA. 


_ was constructed in the laboratory. 


(c) Filters were used to isolate wave 

bands of exciting light instead of the spectrometer (Table I). 
Fluorescence Intensity Measurements—A simple fluorometer 

Osram type ML/D mercury 


_ or type CL/D cadmium lamps were used as sources of exciting 


light. 
_ (RCA type 931 A), housed at right angles to the beam of exciting 


unit. 
_ Tinsley galvanometer mentioned above, with the backing-off 
areuit described by Aitken and Preedy (2). 


_ Fluorescent light was measured by a photomultiplier 


light, and energized by 800 to 1000 volts from a stabilized power 
The signal from the photomultiplier was read on the 


Filters—The filters used to isolate wave bands of exciting light 


in the fluorescence spectra analyses, and for both exciting and 
_ fluorescent light in the fluorescence intensity measurements, are 
_ listed in Table I, together with an indication of their characteris- 
ties. For a fuller description of the Wratten series of filters, 
reference should be made to Wratten Light Filters published by 
_ the Eastman Kodak Company. 


* Supported by a grant (No. A 2221) from the National Institute 


of Arthritis and Metabolic Disease, United States Public Health 


haa and by a grant from the Life Insurance Medical Research 


Methods—<Acid hydrolysis, extraction, column partition chro- 
matography, and fluorometry of urinary estrogens were carried 
out by the method of Preedy and Aitken (4), with the following 
exceptions in the chromatography. The Ist, 2nd, and 3rd 
mobile phase compositions were, respectively, as follows (% 
volume for volume) : CCl, 37-petroleum ether (boiling range 60°- 
80°) 63; CCl, 27.75-CHCl; 13.75-petroleum ether 58.5; CHCl; 
55-petroleum ether 45. Fractions of 0.5 ml were collected in- 
stead of ones of 1.0 ml. 

Procedure and Results—About 2 ug each of estrone, estradiol- 
178, and estriol were added to 50 ml of an early morning specimen 
of normal male urine, and the mixture processed as described 
under ‘“‘Methods.”” A specimen of normal female urine was 
similarly treated. These estrogen additions were made in order 
to insure definite and recognizable estrogen curves on the chro- 
matogram. In many normal urines the estrogen curves may be 
small, especially in the case of estradiol-176 in male urine. 

Fluorescence was measured with the use of the fluorometer, 
with the mercury vapor source already described. Filters used 
were: exciting light filter, Wratten 35; fluorescent light filter, nar- 
row band pass interference filter with peak transmission at 512 
mu. The results were plotted graphically, fractions of eluate 
on the horizontal axis, fluorescence intensity on the vertical axis 
(Fig. 1). The results for the male and female urine specimens 
were entirely similar, and only the results for the male sample will 
be described. 

The curves caused by the estrogens are clearly shown on the 
chromatogram. The identity of these curves was established by 


TABLE I 
_ Characteristics of filters 


Peak Half-width 
my 
Exeiting light 
Wratten 18A 360 295-395 
Wratten 35 420 330-465 


Wratten 2B (excludes wave lengths shorter than 395 my) 


Wratten 32 with Wratten 44 475 450-510 
Fluorescent light 
Interference filter with Wratten 12 512 502-522 


(excludes wave lengths shorter than 495 mz) 
Wratten 61 | 5380 | 485-590 
Wratten 15 (excludes wave lengths shorter than 510 mz) 
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Fic. 1. Chromatogram of extract for a normal male urine. 
Vertical axis (left), fluorescence intensity; horizontal axis, volume 
of eluent in 0.5-ml fractions. Authentic estrone, estradiol-17,, 
and estriol were added to the extract. The three estrogen curves 
are labeled. Unlabeled curves are caused by interfering material 
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Fic. 2. Fluorescence spectra of interfering material in Frac- 
tions 4 and 8. Wr. 18A and Wr. 86 refer to Wratten filters used 
to isolate bands of exciting light (Table I). The fluoréscence 
spectrum of estrone (exciting light wave length 365 or 436 my) 
is inserted for comparison. 
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Fic. 3. Fluorescence spectra of interfering material in Fraction 
25. The fluorescence spectrum for estradiol-178 is inserted for 
comparison (for details, see legend to Fig. 2). 


chromatography of the urinary extract alone, followed by chro- 
matography of the extract with the three estrogens added, as 
described and illustrated by Preedy and Aitken (4). 

It will be seen that the fluorescent interfering material is pre- 
sent chiefly in those regions of the chromatogram which precede 
the three estrogen curves. The following fractions were selected 
from these regions for determination of fluorescence characteris- 
tics: Nos. 4, 8, 25, 42, and 44. 

Fluorescence spectra were obtained for each of these fractions 


of unknown composition. Material in Fractions 4, 8, 25, 42) an 
44 were selected for determination of fluorescence characteristics. 
The interrupted line and vertical axis (right) refer to the contriby. 
tion of the 3rd mobile phase to the composition of the three mobile 
phases used (4). 


in the following way. With the use of the mercury high in. 
tensity compact source with various filters (Table I), as exciting 
light, the fluorescence emission was scanned at 10 to 20 mu wave 
length intervals with the spectrometer (slit width, 0.5 mm), the 
galvanometer deflection being noted at each interval. A fluo 
rescence reagent blank (benzene-ethanol; sulfuric acid) was 
similarly studied. The results, with the use of the various filters 
were plotted graphically (Figs. 2 to 4), together with the fluores. 
cence spectrum of the appropriate estrogen, redrawn from the 
data of Aitken and Preedy (2), for comparison. 

The fluorescence intensity of the three estrogens was then con- 
pared with that of the interfering material contained in the 
fractions selected, with the use of the fluorometer and various 
filter combinations (Table 1). The ratio between the fluores. 
cence intensity of the estrogen compounds and that of the inter- 


fering material in response to exciting light of different wave — 


lengths is given in Table II. 
dividing the galvanometer reading for the fractions containing 
the maximal amount of each estrogen (Nos. 15, 34, and 82, 
respectively) by the readings for the interfering material in Frae- 


The figures were obtained by 


tions 4, 8, 25, 42, and 44. The fluorescence intensity ratios be- 


tween the estrogen compounds and the reagent blank were 
similarly determined. 

Discussion—Al]though there are differences in wave length dis- 
tribution, the fluorescence spectra of interfering material in the 
various fractions are distributed in general over longer wave 


lengths than these of the three estrogens (Figs. 2 to 4). There is, 
however, a considerable overlap. 
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Fic. 4. Fluorescence spectra of interfering material in Frac- 
tions 42 and 44, and of the reagent blank. The fluorescence spec” 


trum for estriol has been inserted for comparison (for details, 
see legend to Fig. 2). 
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TABLE II 
Effect of various wave bands of exciting light on estrogen to interfering material fluorescence intensity ratios 


| 
Filter combination* Estrogen | Estrogen to interfering material ratio ee Se 
| (eluate fractions) 
24 42 47 
Mercury source | | 
(a) Wratten No. 35 Estrone ee 3.4 14.5 
(b) Interference filter and Wratten 12 Estradiol-178 | 14.0 "25.6 
Estriol | | 5.3 13.5 18.5 
| | 
(a) Wratten 35 and 2B Estrone 1.7 | 3.7 22.3 
(b) Interference filter and Wratten 12 Estradiol-178 15.0 7.1 37.7 
Estriol §.2 13.0 27.8 
(a) Wratten 18A Estrone 0.23 1.25 1.89 
(b) Interference filter and Wratten 12 Estradiol-178 1.36 1.65 3.06 
Estriol 1.60 2.90 2.97 
Cadmium source 
(a) Wratten Nos. 32, 64, and 4 Estrone ) ee 1.4 16.3 
(b) Wratten 61 Estradiol-17, 13.0 4.9 27.5 
Estriol 4.7 11.1 26.3 
(a) Wratten Nos. 32, 64, and 4 Estrone 0.7 0.8 7? 
(b) Wratten 15 Estradiol-178 | 7.1 3.2 14.7 
Estriol | 3.1 6.8 13.6 


* Filter combination: (a) exciting light; (b) fluorescent light. 


It would appear that the most advantageous wave length at 
which to measure the fluorescence of each of the three estrogens 
isin region of 480 my. In this region, estrogen fluorescence is at 
its maximum, whereas the fluorescence of interfering material is 
in most cases less than maximal. Longer wave lengths are 
clearly less advantageous, and at shorter wave lengths there 
would be difficulty in excluding the exciting light. 

The data in Table II show that the ratio between the fluores- 
cence intensities of the estrogen compounds and of the interfering 
material may be greatly affected by the wave length of exciting 
light. The highest (and, therefore, the most advantageous) 
ratios are obtained when the mercury 365, 405, and 436 my lines 
are used. When the 365 mau line is excluded (Wratten filters 35 
and 2B), slightly more favorable estrogen to blank ratios are ob- 
tained. Other exciting light wave bands, particularly those from 
the cadmium source, give much less favorable ratios throughout. 


SUMMARY 


1. Sulfuric acid fluorescence spectra of interfering material 
obtained during the column partition chromatography of estrone, 


For description of the interference and other filters, see Table I. 


estradiol-178, and estriol in phenolic urine extracts are described 
and compared with the fluorescence spectra of the estrogen them- 
selves. 

2. Ratios between the fluorescence intensities of estrone, 
estradiol-178, and estriol compounds on the one hand, and of 
interfering material on the other, have been calculated in response 
to exciting light of different wave lengths. 

3. From these observations, optical conditions which appear 
most advantageous for the fluorometry of these urinary estrogens 
are described. 
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Difficulties encountered in the chemical estimation of estrogens 
in urine and in plasma are caused principally by the low concen- 
trations of estrogen frequently found in these fluids, by the pres- 
ence of large amounts of interfering material, and by the lack of 
specificity of available methods for the quantitative estimation 
of the estrogens. In these circumstances, it is apparent that, 
unless adequate separation procedures are used, measurement of 
estrogens may involve considerable errors, particularly in the 
direction of overestimation. 

Morris and Williams (1) were able to obtain efficient separation 
of adrenal steroids by the use of column partition chromatog- 
raphy, and it appeared that the high degree of resolution afforded 
by this form of chromatography would be of value also in the 
separation of urinary and plasma estrogens. 

It was found that the three estrogens, estrone, estradiol-178, 
and estriol, could in fact be separated by column partition 
chromatography both from one another and from the interfering 
material present in extracts of biological fluids. A single parti- 
tion column was used with one stationary and three successive 
mobile phases. A complete method based on this chromato- 
graphic procedure for the estimation of these three estrogens in 
urine and plasma is here reported. 

A preliminary report of the method was published by Preedy 
and Aitken in 1956 (2). Since then the method has been ex- 
tensively used in studies of estrogen metabolism in the human 
(3-7). A modification to increase the sensitivity of the method 
was reported in 1958 (8). 


EXPERIMENTAL PROCEDURE 
Principle 

Estrone, estradiol-178, and estriol conjugates in urine or plasma 
are hydrolyzed by refluxing with concentrated acid, and the 
parent steroids are then extracted with ether. After partition 
between sodium hydroxide and toluene, the watery phase is 
adjusted to pH 9.0, and a further ether extraction carried out. 
The dried extract is then submitted to column partition chroma- 


tography. Fractions of eluate are collected, and the estrogen 
content of each determined by sulfuric acid fluorescence. 


* Supported by a grant (No. A 2221) from the Nationai Insti- 
tute of Arthritis and Metabolic Disease, United States Public 
Health Service, and by a grant from the Life Insurance Medical 
Research Fund. 
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Partition Columns (Fig. 1)—The Celite is contained in a glass 
column, 17 em in length, 0.5 to 0.6 cm in internal diameter, cop. | 
tinuous above with a ¥§ 10/30 ground glass socket, and below 
with thick-walled capillary tubing, 0.5 mm in internal diameter 
and 6 mm in external diameter, which connects with the bul 
of the siphon. A larger preparative column of the same length, 
but with an internal diameter of 1.0 to 1.2 em and continuoy; 
above with a $ 14/35 ground glass socket, is occasionally used, 

Siphon (Fig. 1)—The siphon is made of thick-walled glass 
tubing, 2 mm in internal diameter, 8 mm in external diameter, 
It is accurately calibrated to deliver 1.0 ml. 

Column Packer (Fig. 2)—The column packer is made of stain- | 
less steel, and the dimensions are given in the figure. A larger 


packer (disk about 1.1 cm in diameter), made to the same de- 


sign, is used for the larger columns. 
Automatic Mobile Phase Changer (Fig. 1)—This is, in effect, a 
U-shaped glass reservoir, with an outlet at the side of one timh, | , 


This outlet terminates below in a $ 10/30 ground glass cone, i 
which connects with the socket of the column described above. _ 
in internal diameter 


All glass tubing is thick-walled capillary, 
0.5 mm, in external diameter 7.5 mm, except for the tubes la- 
beled A, B, and C. The length and internal diameters, respec- | 
tively, of these tubes are as follows (cm): A, 21.0, 1.58; B, 8.0, 
0.91; C, 14.0, 1.58. The lengths of capillary tubing are not 
critical. Tube A is surmounted by a socket ¥ 19/38. The 
two limbs of the U are offset in respect of height, as shown (Fig. 
1), to take into account the different densities of the 1st and 3rd _ 
mobile phases (see below). The distance between the junction * 
of tube A with the capillary tube below, and the junction between 
tubes B and C is4cm. The two taps shown are high-vacuum 
type. The capillary tubing at position Y is blown out to an 
inside diameter of about 3 mm, for a length of 2 em. 

A larger version of this phase changer is used with the larger 
partition columns. The design and dimensions are the same, 
except that the internal diameters of tubes A, B, and C are exactly | 
double those given above, and the outlet terminates in a ¥/ 
14/35 ground glass cone to connect with the socket in the larger 
partition column. 

Fraction Collector—A type suitable for the collection of 100° 
1.0-ml fractions of volatile organic solvent is required. Open) 
joints, or long connecting arms, are not practicable because of 
evaporation and consequent inaccurate collections. Drop count- | 
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ing is also not possible for similar reasons. The use of 1-ml 
phons appears to be the method of choice. The siphon should 
deliver the eluate fraction directly into the collector tube. The 
collector tubes are those in which the fluorescence procedure will 
be carried out, and, therefore, must fit the fluorometer tube holder. 
Thin-walled tubes of length 7.0 cm, external diameter 1.0 cm, 
were used in the present study. 

Fluorometer—The Farrand photoelectric fluorometer is satis- 
iactory. A galvanometer with a 15-cm scale and a shunt is 
convenient. Galvanometer No. 7893/S and shunt No. 8207, 
obtainable from W. G. Pye, Ltd., Cambridge, England, or from 
Ealing Corporation, University Road, Cambridge, Massachu- 
setts, are appropriate. 

Filters—For incident light, Wratten Nos. 35 and 2B, to pass the 
405 and 436 my mercury emission lines, are used. For fluores- 
cent light, an interference filter of narrow band pass and peak 


transmission 485 my with an appropriate ancillary filter, such 


as Wratten No. 45 is used. The spectrofluorometric basis for 
selecting this optical system is given by Aitken and Preedy (9) 
and by Preedy and Aitken (10). 

Isotope Counter—A windowless gas flow counter (or an ap- 
propriate scintillation counter) is necessary for counting tritium. 
A counter such as that supplied by Nuclear-Chicago Corpora- 
tion is satisfactory (viz. model D47 gas flow counter, model 186 
scaler, model T; time delay, model C110B automatic sample 
changer, and model C-1118 printing timer). 

Materials—Ether, methanol, ethanol (95%), toluene, and 
carbon tetrachloride (all analytical grade and distilled before 
use) are used. 

n-Hexane, Phillips 66, pure grade, (Phillips Petroleum Com- 


, pany, Bartlesville, Oklahoma) was used. Alternatively, pe- 
» troleum ether (boiling range 60-80°) obtained from The Brit- 
_ ish Drug Houses, Ltd., London, England, may be used. 


It is 
essential that there be no nonvolatile material which fluoresces 


‘when heated with sulfuric acid, and no substances that destroy 
_ estrogens. 
"quirements. 


Many products examined did not meet these re- 


Chloroform is washed three times with 0.25 volumes of dis- 
tiled water to.remove ethanol, dried over anhydrous calcium 
chloride overnight, decanted, and redistilled. It is then shaken 
with 0.1 volume of 72°. methanol in water (for stationary phase, 
see below) to avoid the formation of phosgene, and stored in a 


| dark bottle. 


Many specimens of benzene contain material which fluoresce 
on heating with sulfuric acid, even after distillation. This can 
be removed as follows. One liter of benzene is refluxed for one 
hour with 2 to 3 g of AICl3, allowed to stand for 24 hours, de- 
canted, washed twice with 0.25 volume of saturated K.CO; 
solution, and twice with 0.25 volume of distilled water. After 
drying over anhydrous CaCl: overnight, it is carefully distilled, 
using a refluxing column 24 inches high filled with porcelain 
saddles. | 

The benzene-ethanol mixture is composed of purified benzene, 
9 volumes, and ethanol (95%), 1 volume. 

Hyflo Supercel (Johns Manville Company, New York) is 
prepared as follows. Celite (250 g) is mixed thoroughly with 
0.5 liter of concentrated HCl and allowed to stand for 24 hours. 
The acid is decanted and the powder washed with an excess of 
tap water until the washings are Cl-free. Further washings are 
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carried out seniaaibaiie with distilled water, methanol, and 
chloroform. The powder is then dried at 110° for 24 hours. 


A sample of sulfuric acid must be chosen which gives high 


fluorescence when heated with estrogens and low fluorescence 
when heated alone. 
Pont de Nemours and Company, Inc.), or sulfurie acid, A. R. 


DuPont sulfuric acid, reagent grade (du 
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Fic. 1. Partition column, siphon, and automatic mobile phase 


changer (for dimensions, see text). 
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Fic. 2. Dimensions of the partition column packer. 
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(Messrs Towers Lts., Runcorn, Lanes, England), were found 
satisfactory. 

Concentrated sulfuric acid, 90 volumes, is added to distilled 
water, 10 volumes (90% sulfuric acid). Concentrated sulfuric 
acid, 65 volumes, is added to distilled water, 35 volumes (65° 
sulfuric acid). 

Hydrochloric acid, acetic acid, sodium hydroxide pellets, 
sodium bicarbonate, potassium bicarbonate, aluminum chloride, 
anhydrous calcium chloride, quinine sulfate, and Sudan III 
are also used. 

Saturated solution of mannitol in glycerine is used as lubricant 
for glass joints. 

-Phenoxy - ethyl - dimethyl - dodecyl - ammonium _ bromide 
(“‘Bradosol’’), obtained from Ciba Ltd., is used. 

Cotton (cotton wool) is washed twice each with distilled 
water, methanol, and chloroform, then dried in an oven at 60° 
for 24 hours. 

Reference samples of estrone, estradiol-178, and estriol of 
the highest purity should be used. Samples used in the current 
study were investigated by Aitken and Preedy (9). 

Reference samples of estrone-6,7°H, estradiol-176-6,73H, and 
estriol-6,73H were used. Spécific activities should be between 
2 and 10 ue per ug. ‘ 

Phases for chromatography are prepared as follows. For the 
lst mobile phase, 20 volumes of CCl, is added to 80 volumes 
of n-hexane. For the 3rd mobile phase, 48 volumes of CHCL; 
is added to 52 volumes of n-hexane. For the stationary phase, 
72 volymes of methanol is added to 28 volumes of distilled 
water. Each mobile phase is saturated with stationary phase, 

and the stationary phase is saturated with the lst mobile phase. 


Methods 


The procedures for urine and plasma are essentially similar. 
Minor differences in handling are indicated as necessary. 

Sample Collection and Preservation—Twenty-four urine sam- 
ples areycollected in a jar containing 5 ml of 50% H2SO, (volume 
for volime). Estrone, estradiol-178, and estriol in urine so 
treated will remain stable at room temperature for 1 to 2 weeks 
at least. Plasma is separated immediately from red cells, and 
is stored at —15° until processed. 

Acid Hydrolysts—Twelve per cent by volume of the 24-hour 
urine specimen is brought to a boil and concentrated HC] added 
in the proportion of 15 ml of concentrated HCl to 85 ml of urine. 
The mixture is refluxed for 45 minutes, cooled immediately in 
tap water at room temperature, and then extracted. Ten 
milliliters of late pregnancy plasma, or 25 ml of plasma from an 
earlier stage of pregnancy, is diluted to 100 ml with distilled 
water, and 17.5 ml of concentrated HC] added. After mixing, 
the liquid is brought to the boiling point, refluxed for 45 minutes, 
then cooled and extracted as for urine. Great care must be 
exercised to avoid bumping until steady boiling is established. 

Enzymatic Hydrolysis—An acetone-dried extract of the ali- 
mentary canal of the shellfish Patella vulgata was used (kindly 
supplied by Dr. J. B. Brown, Clinical Endocrinological Unit, 
Edinburgh, Scotland), the conditions being those recommended 
by Brown and Blair (11). 

No enzyme hydrolyses of plasma samples were performed. 

Extraction—<Acid-hydrolyzed and enzyme-hydrolyzed material 
was extracted similarly. The method used is that described by 
Engle, Slaunwhite, Carter and Nathanson (12), with one modi- 
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fication. After the extraction of toluene with NaOH, the Nagy 
is washed twice with 0.1 volume of n-hexane. The following 
technical points should be observed. After the first ethe 
extraction, and before the NaOH-toluene partition, quantitatiy, 
transfer of the extract from flask to separatory funnel ig beg 
accomplished by dissolving in 10 ml of NaOH solution with 
gentle warming of the flask at 37°, and then transferring to th 
funnel with two washings of 5 ml of NaOH each. Toluene j 
then added to the flask, and the extraction proceeds. Ethe 
emulsions occur with occasional urine samples, and with aj 
plasma samples, during the first ether extraction. These can bp 
overcome by dissolving about 0.2 g of ‘‘Bradosol”’ in the watery 
phase. Emulsions may also occur during the NaOH toluen 
partition of plasma samples. However, these break readily op 
standing, and need no special management. 

After the last ether extraction, the dried extract is redissolved 
in 1 ml of methanol with gentle warming at 37°, and is quanti. 
tatively transferred to a small glass-stoppered tube (10 cm long 
< 1.2 cm in outside diameter), with two washings of 1 ml of 
methanol each. After drying under negative pressure with 
gentle warming, the material is stored at 0° under Ny, in ap 
evacuated desiccator. 

Preparation of Extract for Chromatography—The extract is 
dissolved in 0.4 ml in the equilibrated stationary phase, with 
warming at 37° and gentle shaking. The extract should then 
stand for 1 hour at room temperature to ensure complete solu- 
tion. Of this, 0.05 ml is applied to the column and 0.1 ml is 
placed in each of three separate tubes, dried, and kept as spare 
samples. Extract equivalent to 1.5% by volume of the 24-hour 
urine sample is contained in 0.05 ml. 


the stationary phase, and 0.1 ml is put on the column. 
Preparation of Partition Column—The column is prepared 


according to the descriptions of Martin (13) and of Morris and — 


Williams (1). The height of the column of Celite is 10 cm. 


Transfer of Extract to Column—Excess 1st mobile phase is — 
Dry Celite is then packed on top of ' 


decanted off the column. 
the column to a height of 3 mm. _ Five-hundredths milliliter of 
the dissolved urinary extract (or 0.1 ml of the dissolved plasma 
extract) is applied directly to the dry Celite layer, with the use of 
a Lang-Levy pipette. When the liquid is taken up, dry Celite is 
again packed onto the column to a further height of 3 mm. 


First mobile phase is poured into the column, and small glass - 


beads (1.0 mm in diameter) are added to the level of the ground 
glass socket, to reduce dead space. 


Filling of Automatic Phase Changer (Fig. 1)—Both taps, and » 


the ¥ 10/30 cone are lightly greased with the lubricant (man- 
nitol in glycerine), and the phase changer placed in a retort 
stand. With tap 2 closed and tap / open, 3rd mobile phase is 


poured into tubing A until the level of liquid in both limbs mises | 
to the level of the junction of tubing B with the capillary tube _ 
above (position X). With tap / still open, the apparatus is 
tilted to expel bubbles from the capillary enlargement (Y). Tap — 
1 is then closed, and tap 2 opened, and 3rd mobile phase allowed . 
to drain out. First mobile phase is poured into tubing A in | 


small amounts to wash out traces of 3rd mobile phase from this 


side of the reservoir. When this is completed, tap 2 is closed | 


and tubing A filled with 1st mobile phase up to the ground 


glass socket. Tap 2 is opened for a few seconds to get rid of | 


In the case of plasma ex- ' 
tracts, there may not be enough material to provide a spare 
sample, in which case the whole extract is dissolved in 0.125 ml of 3 
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bubbles. The phase changer is then attached directly to the 

‘tion column, making sure that the joint, and both taps are 
«mly engaged. Tap 2 is first opened, and then tap /. First 
nobile phase displaces 3rd mobile phase downwards in the 
capillary enlargement (¥) and the level of the 3rd mobile phase 
rises into the capillary above position X. 

Chromatography then proceeds for the following 36 hours or 
« without any further attention, the fractions being collected, 
and mobile phases changed automatically. The flow rate should 
be between 2 and 3 ml per hour, the flow through the column 
being determined only by gravitational force on the one hand, and 
the resistance of the Celite column on the other. A total of 75 
|-ml fractions are collected, the phase changer being allowed to 
empty completely. 

Mode of Operation of Phase Changer—The automatic phase 
changer operates as follows. The mixture of phases delivered 
at the side exit (and so to the column) depends on the ratio of 
the cross-sectional areas of the tubing at the level of the solvent 
menisci in each limb. When both limbs of the U-shaped reser- 
voir are filled, then >99.9% of the 1st mobile phase, and <0.1% 
of the 3rd mobile phase is delivered at the exit, since tubing 4, 
containing 1st mobile phase, has a relatively large cross-section 
compared with the capillary on the opposite limb, containing 
3rd mobile phase. 

The level of mobile phase in each limb descends under the 
influence of gravity and, when tubing B is reached, proportion- 
ately more 3rd mobile phase is now delivered at the exit. Since 
the ratio of the cross-sectional area of tubing A to tubing B is 
approximately 3:1, it follows that the mixture at the exit will 


repared 
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"consist of 75% (volume for volume) of the 1st mobile phase, and 
- 2% (volume for volume) of the 3rd mobile phase. This mixture 


constitutes the 2nd mobile phase, and has composition of 15% 
CCh, 11.2% CHCl3-73.8% hexane (all volume for volume). 
As the solvent menisci descend still further, tubing C is reached 
and here the cross-sectional area of C is relatively large compared 
with the capillary of the opposite limb. Consequently, the mix- 
ture at the exit will again change, and will then consist 
>99.9% of the 3rd mobile phase, and <0.1% of the Ist mobile 
phase. In this way, three successive mobile phases are delivered 
to the column by automatic means. 

Fluorescence Procedure—When chromatography is complete, 
the fractions of eluate are dried in a desiccator maintained under 
negative pressure by means of a standard water pump, with 
gentle heating from an infrared lamp. 

The fluoresence method is that described by Bates and Cohen 
(14, 15) and by Engel et al. (12) with the following minor modifi- 
cations. The dried residue in each tube is dissolved in 0.1 ml of 
benzene-ethanol mixture, with repeated shaking and warming 
at 37° in a water bath over a period of 3 minutes. Two-tenths 
milliliter of 90% sulfuric acid is added, followed by 1.40 ml of 
65% sulfuric acid after the tubes have been heated and cooled. 
The fluorescence is measured after standing for 1 to 2 hours. A 
fluorescent standard (see below) is used in addition to estrogen 
standards and reagent blanks. 

Estrogen Standards—About 0.04 ug of estrone, 0.05 ug of 
estradiol-178, and 0.08 yg of estriol are used as standards. 

Fluorescent Standard—For the quinine standard, 0.5 mg of 


quinine sulfate is dissolved and made up to 100 ml with 1% 


(volume for volume) aqueous acetic acid. This standard re- 
mains stable indefinitely, and is used for this reason, although it 
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does not fluoresce appreciably in the absence of ultraviolet light 
(Wratten 2B filter must be removed), and the fluorescence in- 
tensity is a nonlinear function of concentration in this concen- 
tration range. 

Reagent Blank—One-tenth milliliter of benzene-ethanol mix- 
ture is heated with 0.2 ml of 90% sulfurie acid, cooled, and di- 
luted with 1.4 ml of 65% sulfuric acid, as described under 
“Fluorescence Procedure.” 

Calculations—The fluorescence intensity of each chromato- 
graphic fraction is plotted against the fraction number, and a 
chromatogram obtained. 

A line is drawn across the base of the estrogen curve, and the 
height of each point on the curve above this line is measured in 
galvanometer units. When added together, these figures will 
give the total fluorescence caused by the estrogen. This is then 
compared with the fluorescence given by the appropriate estrogen 
standard and the amount of estrogen in the original sample can 
then be calculated. 

Routine Identification of Estrogen Curves—The chromatogram 
curves caused by estrone, estradiol-178, and estriol can be rec- 
ognized without difficulty in the majority of normal urines, in 
plasma samples from late pregnancy, and in many of the abnor- 
mal urine samples so far studied. The identifying features are: 
(a) the presence of a curve in that position in the chromatogram 
that would be occupied by the pure estrogen, and (6) the presence 
of a recognizable Gaussian curve in that position. No further 
identification is usually necessary. 

However, in a few normal urines where the estrogen titer is 
very low, and more particularly in some abnormal urines where 
large curves caused by interfering material are present, further 


identification procedures may be necessary. These should 


always be used when there is any doubt as to the identity or the 
homogeneity of an “estrogen” curve. They are described below. 

Addition of Tritiated Estrogens—Tritiated estrogen is added to 
a sample of extract, so that approximately 4 muc is actually 
chromatographed. Since the fraction must be divided for fluoro- 
metric and radioactive analysis, twice the usual amount of ex- 
tract should be placed in the column (7.e. extract representing 
3% (volume for volume) of the total urine sample contained in 
0.1 ml of stationary phase, as opposed to 1.5% contained in 0.05 
ml). After chromatography, the fractions are dried in the usual 
way, 0.45 ml of chloroform is added to each tube, and the tube 
immediately covered or stoppered. After standing for 5 minutes 
at room temperature, with occasional shaking, 0.2 ml is pipetted 
into a further tube for fluorescence, and dried off, preparatory to 
fluorometry as described, and 0.2 ml is pipetted onto a sample 
holder and allowed to dry for radioactive measurement. If, 
after appropriate adjustments of scale, a fluorescent “estrogen’”’ 
curve and a radioactive curve caused by an authentic estrogen 
superimpose, then this provides evidence for the identity of the 
former. No allowance need be made for the flurorescence con- 
tributed by the tritium-labeled estrogen, since the amounts 
present (<0.002 ug) are too low to make any significant contri- 
bution to the original fluorescence curve. 

This procedure allows both the qualitative identification of a 
fluorescent estrogen curve, and also the quantitative estimation 
of the estrogen in an extract by the isotope dilution principle. 

Addition of Nonradioactive Estrogens—An aliquot of a urine or 
plasma extract is chromatographed in the usual way, and the 
presumed estrogen curves identified. A further aliquot of ex- 
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tract, to which the appropriate pure inert estrogens have been 
added, is then chromatographed. If in the second chromato- 
gram there is seen to be a symmetrical increase in size of the 
original “estrogen” curves, then this provides good evidence of 
the identity of these curves. This procedure, although valuable, 
requires an additional chromatography and, in general, use of the 
radioactive estrogens is to be preferred. 

Double Chromatography Procedure—For this purpose, the 
larger preparatory column and phase changer are used. Extract 
representing 25° (volume for volume) of the 24-hour urine 
volume, dissolved in 0.2 to 0.3 ml. of the stationary phase, is 
chromatographed. The procedure of packing the column and 
filling the phase changer is the same as for the smaller columns, 
but four times the amount of Celite, stationary, and mobile 
phases, respectively, are used. Four-milliliter fractions are 
collected. Particular care must be taken to insure even packing 
of these larger columns, otherwise channeling is likely to occur. 

Fractions are selected to include the three estrogen curves and 
the eluate is bulked. The appropriate fractions to be selected 
can be estimated from the positions on the chromatogram which 
the three estrogens are known to occupy, or, alternately, and 
more accurately, a small aliquot of each fraction from the region 
of the estrogen curves may be taken and fluoresced. The exact 
position of the estrogen curves can then be defined and the ap- 
propriate fractions taken for bulking. Tritiated estrogens are 
added to the extract as already described, and the extract is 
chromatographed again in the smaller column. In this way all 
but minimal amounts of interfering material are excluded, re- 
sulting in much improved definition of the estrogen curves. 

Recovery of Added Estrogens—For recovery experiments, vary- 
ing amounts of each estrogen were dissolved in not more than 
0.25 ml of methanol, and added to urine or plasma before acid 
hydrolysis, the volume of urine or diluted plasma being 100°ml 
or more. Urine and plasma samples were analyzed before and 
after addition of the pure estrogens, and the recovery of the 
added estrogens determined. 

Procedure for Estimating Single Estrogen—Each estrogen can, 
of course, be estimated alone if required. The chromatographic 
procedure is that already described, except as follows. For 
estrone, the Ist mobile phase only is used; for estradiol-17£, 
the mobile phase should consist of CCl,, 65 volumes, added to 
n-hexane, 35 volumes; for estriol, the 3rd mobile phase only is 
used, with a Celite column 7 cm high. 
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Fic. 3. The effect of time on the fluorescence of estrogen- 
sulfuric acid compounds. Horizontal scale, time after adding the 


last reagent (65% sulfuric acid); vertical scale, fluorescence in- 
tensity expressed as a percentage of that at 100 minutes. 
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Preparation of Material for Bioassay—Four- to six-days’ urine 
from individual human subjects was collected, extracted, and 
chromatographed on the larger columns. Fractions composing 
each estrogen curve were bulked and chromatographed on the 
smaller columns, as already described. Material composing 
each estrogen curve in the second chromatography was then 
bioassayed. 

Estrogen Bioassay—A 4-point quantal assay was used, with 
oophorectomized mice. Ten to fifteen animals were used for 
each point. The end point was the observation of cornified cells 
in the vaginal smear. The protocol of the method is given by 
Gaddum (16). The bioassays were kindly carried out by Dr, 
John A. Loraine, Edinburgh, Scotland. Details of the statistica| 
methods used for analysis of the results are given by Loraine 
(17) and Gaddum (18). 


RESULTS 


Fluorescence—It was found that there was a linear relationship 
between fluorescence intensity and weight in the case of each 
estrogen between 0.002 wg and 2.0 yg, these weights being, re. 
spectively, the lower and upper limits tested. These findings 
are in general agreement with those of Bates and Cohen (14, 15) 
and Engel et al. (12). The fluorescence intensity of the reagent 
blank was equivalent to that of 0.002 ug of estrone. 

The influences of time of standing after all reagents have been 
added is shown in Fig. 3. The fluorescence of 0.1 ug of each of 
the three estrogens was measured at intervals between 25 and 
100 minutes. The fluorescence readings are expressed as a per- 
centage of that obtained at 100 minutes. In each case, the 
fluorescence intensity increases with time, the reading at 25 
minutes being 83 to 88% of that at 100 minutes. The curve 


appears to rise less steeply between 60 and 100 minutes, and | 
fluorescence measurements are, therefore, customarily made be- — 


tween these times. 


Chromatography—The actual mixture of Ist and 3rd mobile 
phases delivered to the column by the automatic phase changer, 


with the relevant volume relationships, was studied by adding a — 


dye to the 3rd mobile phase. Enough Sudan III is added toa 
sample of 3rd mobile phase to make an approximate 0.1% 
(weight for volume) solution. 


A partition column is packed 


with dry Celite, chromatography carried out in the usual way, | 


and the color intensity in each fraction measured. 

The results of such a study are shown in Fig. 4 (open circles). 
Dye concentration in each fraction is expressed as a percentage 
of that in the 3rd mobile phase. In the first 22 fractions, there 
is less than 0.1% (by volume) of 3rd phase present. Dye appears 
at Fraction 23, and the concentration rises until a plateau is 
reached at about Fraction 30. Here the dye concentration 1s 
22% of that in the 3rd mobile phase. At Fraction 51, the dye 
concentration again rises, and a second plateau is reached at 
about Fraction 59. Here the concentration of dye equals that 


in the 3rd mobile phase, indicating that the contribution of 3rd 


mobile phase here is practically 100%. 


The results obtained when a mixture of estrone, estradiol-178, | 
and estriol is chromatographed are shown in Fig. 4. Fluo > 
rescence intensity is plotted against volume of eluent in ml. | 
(Since 1-ml fractions were obtained, the figures on the horizontal | 
axis refer also to fraction numbers.) Gaussian curves are ob- 
tained for each estrogen and these curves are widely separated | 
from one another. If the position of the estrogen curves is com- | 


pared with the dye concentration curve (open circles), it will be 
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Fic. 4. Chromatography of estrone, estradiol-178, and estriol alone, to show the separation of these three 
circles represent fluorescence intensity. Open circles represent the percentage (volume for volume) contribution 


phase to the mobile phase mixture flowing through the column. 


seen that the estrone curve appears during the passage of the Ist 
mobile phase through the column, estradiol-178 during the 
passage of the 2nd mobile phase, and estriol during the passage 
of the 3rd mobile phase. The small curves at Fractions 2 to 4 
and 49 to 53 are due to fluorescent interfering material associated 
with the start of chromatography, and with the change-over to 
2nd and 3rd mobile phases, respectively. 

Although each estrogen is distributed over 4 to 5 fractions, it 
will be observed that a curve of convenient size is obtained from 
quite small amounts of estrogen, the curves in Fig. 4 representing 
between 0.1 and 0.14 ug. 

The results of the method applied to a typical female urine 
are shown in Fig. 5 (upper record). The curves caused by es- 
trone, estradiol-178, and estriol are clearly recognizable, and are 
well separated both from one another and from interfering ma- 
terial of unknown composition present in the urinary extract 
(unlabeled curves). 

The same urinary extract was again chromatographed, but 
with the addition of pure crystalline estrone, estradiol-178, and 
estriol. The result is shown in Fig. 5 (lower record). There is a 
symmetrical increase in size of the three labeled estrogen curves, 
but no significant alteration in the remainder of the chromato- 
gram. This finding provides evidence that the estrogen curves 
in the upper record were in fact caused by the three estrogens. 

Similar results are obtained when the method is applied to late 
pregnancy plasma. In Fig. 6 (upper record) large Gaussian 
curves caused by estrone, estradiol-178, and estriol can be seen. 
The unlabeled curves are caused by interfering material, which 
is usually less in amount than that found in urinary extracts. 
Fig. 6 (lower record) demonstrates the symmetrical increase in 
size in the three estrogen curves, which is obtained when pure 
crystalline estrone, estradiol-178, and estriol are added to the 
plasma extract before chromatography. 

Duplicate Estimations—In order to test the accuracy of the 
method, seven normal male and female urine samples were sub- 
jected to duplicate estimations. The results are seen in Table 
I. The duplicate estimations for each urine are sufficiently close 
to be regarded as satisfactory. 

Recoveries from Urine—The precision of the method for urine 
was estimated by recovery experiments, in which pure crystalline 
estrone, estradiol-178, and estriol were added to urine samples 
before acid hydrolysis. Amounts of each estrogen were added to 
correspond with a range of 2 to 50 ug per 24-hour urine. Re- 
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Fic. 5. Chromatography of normal female urine extract repre- 
senting 1.5% (volume for volume) of 24-hour urine specimen, 20th 
day of the menstrual cycle (upper record). The curves caused 
by estrone, estradiol-178, and estriol are labeled and their values 
given. Unlabeled curves are caused by interfering material of 
unknown composition. When authentic estrone, estradiol-17,, 
and estriol are added to the same extract before chromatography 
(lower record), there is a symmetrical increase in the size of each 
of the estrogen curves. 


coveries of these added amounts were then undertaken, and the 
results given in Table II. Mean recoveries lay between 75% 
and 88%, irrespective of the amount of estrogen originally added. 
However, when smaller amounts were added, recovery figures 
showed a greater variation as indicated by higher figures for the 
standard deviations. It should be further noted that, although 
this is the usual method of conducting recoveries, it is open to the 
objection that it does not measure the recovery of conjugated 
estrogens. 

Normal Urinary Levels—The estrogen content of 24-hour 
urines of 10 normal males in the age range 22 to 57 years is given 
in Table III. In six of these subjects, the urinary estrogen out- 
put was measured on several different days. 

Normal female urinary levels, at various stages in the men- 
strual cycle are given in Table IV. In general, the levels lie in 
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LATE PREGNANCY PLASMA (9mi.) was carried out to determine the conditions in which maxima] 
18- ESTRONE (0-24 yg) yields of estrogen can be obtained. The variables studied were: 
wa) (a) volume of plasma, (6) volume of water used as diluant, (¢) - 


ESTRIOL (0-38 yg) volume of concentrated hydrochloric acid, and (d) time of hy. 
drolysis. The results of these experiments are given in Table Y. - 
From these experiments it was concluded that the following 
conditions were optimal for acid hydrolysis of plasma, and haye 
been used in all plasma estrogen determinations: volume of 
6 - ESTRAEEA. SP Cape? plasma, 10 to 25 ml, diluted to 100 ml with water; volume of 
concentrated HCl, 17.5 ml; time of hydrolysis, 45 minutes, 

It will be noted that these conditions correspond fairly closely 
to those recommended for the acid hydrolysis of urine by Brown 


FLUORESCENCE INTENSITY 
@ 


4 8 12 1% 20 24 28 32 36 40 44 48 52 56 60 64 68 and Blair (11). 

24 | WITH ADDED ESTROGENS Recoveries from Plasma—Known amounts of pure crystalline 

294 ESTRONE ESTRIOL 

20- TaBLeE II 
3 18 - | Mean recoveries of estrogens added to urine si 
16 - Amount added 
= 14- ESTRADIOL - 17B iin (ug/24-hr urine) Va 
9 12- 2-12 13-30 31-50 
ii 
10- 

Estrone 83% 86% 83% — 
n* = 12 n = 6 n=5 
2 6 - s = 13 s=7 s =3 
Estradiol -178 79% 85% 78% 
: n = 10 n = 6 n=9 
4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 s=12 s=9 s = 6 
VOLUME OF ELUENT (mi) 

Fic. 6. Chromatography of the extract from 9 ml of late preg- : | 
nancy plasma (upper record). The estrogen curves are labeled Estriol 757 82% 88% rE 
and their values given. Unlabeled curves are caused by inter- n = 10 a= 6 ne7 | XI 
fering material of unknown composition. After the addition of s= 14 s = 6 s=9 | 
estrone, estradiol-178, and estriol (lower record), there is a sym- 
metrical increase in size in each of the estrogen curves. *n = number of recoveries; s = standard deviation. 

Exp 
| Tasie III 
Duplicate in normal Estrogen content of normal male urines 
n n 
7 Estradiol-178 content was below the minimal detection level Exp 
Subject | Sex | Estrone | Estradiol-178 Estriol of the method in each subject. 
| hour urine Subject Age Estrone Estriol 
l M | 2.4 <0.5 <0.5 
| 24 <0.5 <0.5 estre 
| 2 25 2.8 0.75 
8.5 
3 26 6.4 3.9 — 
3 | M | 3.4 | <1.5 <0.5 : 44 adde 
| | 3.0 | <1.5 <0.5 6.4 
5 ae 2.8 | <0.5 8.1 5 29 4.4 prs — 
6 | M 3.1 5.0 cent 
| 3.2 6 30 3.0 trim 
° 
7 30 3.5 2.2 ee 
the same range as those for male urines, although the values for 3.0 : “ Ey 
estriol tend to be somewhat higher. 8 33 ay 15 | hots 

Acid Hydrolysis of Plasma Estrogen Conjugates—Since little is 9 BA - 9 5.4 | ande 
known about the optimal condition for the acid hydrolysis of 10 57 14 0.8 the k 
these conjugates in pregnancy plasma, a series of experiments ——— | fering 
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TABLE IV 
Estrogen content of normal female urine 
Subject Estrone Estradiol-178 Estriol 
ug/24-hr urine 
1 1 2.6 1.4 2.1 
2 2.0 1.6 1.3 
2 16 5.1 <0.5 12.3 
3 16 2.8 <0.5 8.1 
4 18 4.9 1.7 2.3 
5 18 7.0 1.6 5.2 
6 22 2.3 <0.5 2.0 
7 23 3.2 <0.5 11.8 
8 26 1.2 <0.5 8.0 
9 27 3.0 <0.5 2.9 
10 27 3.6 <0.5 6.5 
TABLE V 
Variations in conditions of acid hydrolysis of pregnancy plasma 
Plasma H:0 Time Estriol 
an ml min yield (ug/100 ml) 
Plasma | 
pool I 
Experiment 1 10 90 17.5 30 5.9; 1.1 9.2 
10 90 17.5 45 | 6.5 1.2 9.9 
10 90 | 17.5 60 | 4.7 1.8 4.9 
Plasma 
pool II 
Experiment 2 15 85 | 17.5 45 | 3.7 1.0 10.8 
15 85 | 17.5 90 | 2.7 0.7 7.6 
15 85 17.5 | 120/ 1.8 0.5 4.8 
Experiment 3 10 90 | 17.5 45 | 3.4 0.7 10.8 
15 95 | 17.5 45 | 4.2 1.1 9.6 
25 75 | 17.5 45 | 3.1 0.8 9.3 
Experiment 4 15 85 | 17.5 45 | 4.0 1.2 9.5 
15 185 | 35.0 45 | 2.5 1.0 8.9 
15 285 | 52.5 45 | 2.1 0.2 0 


estrogens were added to plasma before hydrolysis and recoveries 
carried out in a similar manner to that described for urine. The 
results of such recoveries are given in Table VI. The amounts 
added are in the range of the concentrations found in late preg- 
nancy plasma. It will be seen that the mean recoveries of 
estrogens added to plasma are about 10% lower than these for 
urine, ranging between 62% and 72%. 

Normal Late Pregnancy Plasma Concentrations—Estrogen con- 
centration in a series of plasma samples obtained during the last 
trimester of pregnancy are given in Table VII, together with the 
week of pregnancy in which the sample was obtained. The 
concentration ranges for estrone, estradiol-178, and estriol were, 
respectively (ug/100 ml), 1.3 to 10.8, <0.05 to 1.5, and 2.16 
to 27.0. 

Enzymatic Hydrolysis of Urine—Although acid hydrolysis has 
been used routinely in this method, a brief comparison of acid 
and enzyme hydrolysis was carried out, to determine the effect of 
the latter procedure in reducing the amount of fluorescent inter- 
fering material in the chromatogram, particularly in urines of 
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disease states, where very large amounts of interfering material 
may be present. No attempt was made to compare yields by the 
two methods of hydrolysis, since this has been fully examined 
by Brown and Blair (10). 

Comparison of the two methods of hydrolysis showed that, in 
normal urines, interfering material was generally reduced in total 
amount after enzymatic hydrolysis. However, with normal 
urines this conferred no great benefit, since the interfering ma- 
terial present after acid hydrolysis was adequately separated 
from the estrogen curves by the chromatographic procedure 
(Fig. 5). In addition, although interfering material adjacent to 
the estrone and estradiol-178 curves was reduced, that adjacent 
to the estriol curve might actually be increased. 

However, in abnormal urine samples, the separation of estrogen 
curves from interfering material can be generally improved by 
the use of enzyme hydrolysis. In Fig. 7 are shown chromato- 
grams obtained from a single urine sample in a case of infective 
hepatitis in a young male. The upper record is the chromato- 
gram of the acid-hydrolyzed extract, and the lower record that 
of the enzyme-hydrolyzed extract. The presence of large 
amounts of interfering material in the upper record will be noted. 
The estrone curve is superimposed on a curve of interfering ma- 
terial, and the presence of an estradiol-176 curve is rendered 
doubtful by the presence of large amounts of interfering material 
in this region. In the lower record, the interfering material 
adjacent to the estrone curve has virtually disappeared, and an 
estradiol-178 curve is now clearly recognizable. But the inter- 
fering material adjacent to the estriol curve has actually in- 
creased in amount. In both upper and lower records, the estriol 
peak is too small for adequate identification and determination. 

Double Chromatography—Although in most normal urine 
samples adequate chromatographic separation of estrogens from 
interfering material is obtained with the regular procedure, in 


TABLE VI 
Recovery of estrogens added to plasma 
Estrone a Estriol 
Number of observations......... 11 7 9 
Estrogen added (ug/100 ml of 
Recovery (%): mean............ 72 62 64 
58-85 49-76 | 53-75 
TaBLeE VII 
Estrogen concentrations in late pregnancy plasma 
Subject Week of Estrone Estradiol-17, | Estriol 
ubjec pregnancy | B | 
ug/l00 ml of plasma 
1 32 1.56 | <0.05 | 2.16 
2 35 3.08 0.57 | 3.66 
3 36 2.58 
4 36 2.81 | 0.85 4.95 
5 37 5.9 3.2 8.90 
6 38 3.05 1.34 3.93 
7 38 2.94 0.37 7.84 
8 39 1.33 0.88 4.56 
9 40 6.1 1.2 13.6 
10 42 10.8 | 1.5 27.0 
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ACID HYDROLYSED 
324 24hr output: ESTRONE 23°5 
ESTRADIOL -17B ? 
24- ESTRONE ESTRIOL 4-0 
(0*35 ug.) 
z 
o 16+ 
9 ESTRADIOL - 176 ? 
2 ESTRIOL 
(0-06 jig.) 
T T T T T T T T T T “T T T 
4 8 12 16 20 t 24 28 32 36 40 | 44 48 52 56 
ENZYME HYDROLYSED 
(p9-) 
24hr. output: ESTRONE 22°5 
2 ESTRONE ESTRADIOL-17B 
24- (0*34yg-) ESTRIOL 
z 
5 8- (0-08 pg-) (O*097 yg.) 
“4 


20F 24 


b- 


La 
28 32 


VOLUME OF ELUENT (mi) 


Fic. 7. Comparison of the results of acid and enzyme hydroly- 
sis of urinary estrogen conjugates from a case of infective hepatitis 
occurring in a young man. With acid hydrolysis (upper record), 
there is an excessive amount of interfering material, particularly 
in the estrone and estradiol-178 sections of the chromatogram. 
With enzyme hydrolysis (lower record), interfering material in 
these sections virtually disappears. However, interfering ma- 


the occasional urine, particularly in the case of elderly people, 
estrogen content may be so low that estrogen curves cannot be 
clearly identified on the chromatogram. Such an example is 
given in Fig. 8, upper record. There is a curve in the position of 
estrone, which is both small and subject to considerable inter- 
ference from adjacent curves, making identification and quanti- 
tation difficult. Such a situation may be greatly improved by 
double chromatography, as described in the ‘‘Methods”’ section. 
This is illustrated in Fig. 8, middle record. The ratio between 
the size of the estrone curve and the curves caused by interfer- 
ing material has been much increased. There is now a recog- 
nizable Gaussian curve in the position of estrone, which can be 
quantitated, although some interfering material still remains at 
the foot of the curve. The identity of the curve is still further 
established in Fig. 8, lower record, by double chromatography 
after the addition of authentic tritiated estrone. After appro- 
priate adjustment of scale, the curve of inert estrone, estimated 
fluorometrically, superimposes on the curve of *H-estrone, 
estimated by radioactive counting. The method of double 
chromatography enables very small amounts of urinary estrogen 
to be determined. In this case (Fig. 8), the amount of estrone 
present was 0.62 ywe¢/24 hours. It is clear that amounts even 


smaller than this could be readily determined. The procedure 


terial in the estriol section actually increases, and identification 
and determination of the estriol curve in both records is uncertain, — 


the values given being maximal. The arrows on the horizontal 


axis indicate changes in mobile phase composition (see Fig. 4). — 


The identity of the estrone and estradiol-178 curves were con- 
firmed by estrogen additions. 


of double chromatography, with and without the addition of 
tritiated estrogens, can, of course, be applied to each of the three 
estrogens, with similar results. 

Chromatography with Isotopes—The three radioactive estrogens 


may either be added separately (as estrone-*H in Fig. 8, lower — 


record), or together in the routine procedure (Fig. 9). In Fig. 9 


is shown the chromatogram of an extract of female urine, taken — 


at the 11th day of the menstrual cycle. Open circles represent 
fluorometric measurements, and black circles represent radioac- 
tive counts. 
seen that the fluorometric and radiometric curves superimpose 
adequately in the case of estrone and estriol, thus providing good 
evidence of the identity of these curves. 


40. However, the radioactive counts indicate the position that 
an inert estradiol-178 curve would occupy. The fluorometric 
“estradiol-178”’ curve is small, and the amount of estradiol-178 
that this curve would represent for the 24-hour urine is approx- 
mately 0.8 ug. This figure is less than the lower limits of 
sensitivity of the method under these circumstances (see dis- 
cussion). The estradiol-178 content of the urine can either 
be accepted as “less than 1.0 ug/24 hours,” or the double chro- 


COUNTS / 100 sec 


After appropriate adjustment of scale, it will be — 


In the case of “estra- 
diol-178,” the fluorometric curve has no recognizable Gaussian , 
shape, caused probably by interfering material in Fractions 36 to _ 
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matography procedure with the addition of tritiated estradiol- 
178 can be carried out, as illustrated in Fig. 9, for estrone. 

Estrogen Bioassay—In order to provide further evidence for 
the identity of the chromatographic “estrogen” curves, mate- 
rials composing these curves were submitted to bioassay by the 
method described. Details of assays of material composing the 
estriol curves from the urine of three subjects is given in Table 
VIII. The statistical notations are those of Gaddum (16). 

In none of the cases was the figure for “b’’ significant, indi- 
cating that the dose response curves for the standard (estriol) 
and the unknown (urinary “‘estriol’’) can be assumed to be paral- 
lel. The “potency of U (%)” refers to the potency of the un- 
known as a percentage of the expected potency, the 95% fiducial 
limits being given in the next column. 

It will be observed that in each of the three urinary samples 
(from two normal male subjects and one male subject with 
hepatic cirrhosis) there is good agreement between the results 
of chemical and biological assay. This provides further evidence 
of the identity of the chromatographic estriol curves obtained 
by the chemical procedure. 

In two further subjects, the urinary estriol excretion was not 
high enough to provide sufficient material for the full bioassay. In 
these cases, “‘spot tests”? were carried out, using a 3 point assay, 


> 
NORMAL: 1.5% (vv) OF 24hr URINE 
WJ 
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z 
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w 44 | 
5 27 
al 
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16- 
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CHROMATOGRAPHED TWICE 
4 
8- 
S 
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W 44 
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300- 4 8 12 16 20 24 
12- 25% (v/v) OF 24hr URINE: °H-ESTRONE ADDED 
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1004 
4 
a . 4 8 12 16 20 24 28 30 


VOLUME OF ELUENT (mi.) 


Fig. 8. The effect of double chromatography of a male urine 


&xtract with a low “‘estrone”’ titer, and relatively large amounts 
of interfering material. 
 toutine procedure. 
| adequately identified or quantitated. The apparent value is 
about 1.0 ug/24 hours. The middle record shows the result of 
~ double chromatography as described in the text. There is a 


The upper record shows the result of the 
The ‘‘estrone’’ peak is low and cannot be 


marked increase in the ratio between the size of the estrone curve 
and that of the interfering material curves. In the lower record, 
double chromatography is repeated with the addition of tritiated 
estrone. The radioactive (open circles) and the fluorescent ‘‘es- 
trone” (closed circles) curves superimpose adequately. 
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INTENSITY 


FLUORESCENCE 


12 6 20 24 26 32 36 40 44 48 52 56 


VOLUME OF ELUENT (mi.) 


Fic. 9. Chromatography of a normal female urine, with the 
addition of authentic tritrated estrone, estradiol-178, and estriol. 
Open circles denote fluorescence and closed circles radioactivity 
(scale is arbitrary). There is good superimposition of fluorescent 
and radioactive curves in the case of estrone and estriol. The 
fluorescent estradiol-178 curve is too low and irregular for ade- 
quate identification, and falls below the lower limit of the routine 
method. Double chromatography would be indicated here. 


two points for the standard estriol, and one point for the mate- 
rial comparing the estriol curve in each case. Five animals were 
used for each point. The results are as follows: normal female 
sample, excretion of estriol (ug/24 hours)—by bioassay, 6.2, by 
chemical assay, 5.2; male urine sample from a case of infective 
hepatitis—by bioassay, 3.5, by chemical assay, 3.3. These re- 
sults give a rough approximation only. Fiducial limits were not 
calculated, but were certainly wide. However, within these 
limitations, there was again agreement between the chemical and 
biological assay methods. 

Attempts were made to carry out full quantitative bioassay of 
the material composing the estradiol-178 and estrone curves, 
respectively. In the case of estradiol-178, the amounts present 
in the normal male and female urines examined were too low 
for this type of assay, even when 4 or 5 days urine was collected. 

In the case of estrone, although larger quantities of material 
were available, the amounts again proved insufficient for pilot 
assays followed by full quantitative assay. The dose response 
curve of estrone is much steeper than that of estriol, and the 
chance of estimating the correct dose level consequently less. 
Since the pilot assays of estradiol-178 and estrone do not have 
much quantitative significance, they are not reported here. 


DISCUSSION 


The procedures for hydrolysis, extraction, and fluorometry 
embodied in this method have been used before in the estimation 
of estrogens in biological fluids, and discussion will be limited 
to a few observations. 

Although acid hydrolyls is far from ideal, it still appears to be 
the method of choice for the hydrolysis of estrone, estradiol-17£8, 
and estriol in urine and plasma, when multiple samples are to be 
analyzed. It is inexpensive and rapid, whereas enzymatic hy- 
drolysis is relatively expensive and takes up to 5 days for comple- 
tion. However, for special applications, enzymatic hydrolysis 
is clearly of value (e.g. Fig. 7). 

The extraction procedure of Engel et al. (12) has been used 
by many workers in the estimation of estrogens. This is a simple 
and efficient procedure for the extraction of estrone, estradiol- 
178, and estriol from hydrolyzed urine. Since chromatographic 
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TaBLeE VIII 
Bioassay of urinary estriol 
Statistical analysis 
| 
% % 
1 Estriol standard 0.2 12 50 | | 
0.4 | 12 92 | 
| 4.3 0.23 0.42 71 34-93 0.3 0.4 0.6-0.7 
Urinary estriol curve C. 0.2 10 30 
71 | | 
Urinary estrogen content: by bioassay 2.1 (1.0-2.8) ug/24 hrs 
(normal male) by chemical assay 3.0 pg /24 hrs 
2 I’striol standard 0.2 15 13 
0.4 14 43 
4.0 0.25 0.36 93 52-151 0.4 0.5 0.6-0.7 
Urinary estriol curve C; 0.15 15 ge 
0.30 15 47 
Urinary estrogen content: by bioassay 8.1 (4.8-13.9) ug/24 hrs 
(normal male) by chemical assay 6.9 ug/24 hrs 
3 Estriol standard 0.2 13 19 
0.4 13 17 
5.7 | 0.18 | 0.20 117 54-280 | 0.1 | 0.13  0.8-0.9 
Urinary estriol curve C; | 0.2 13 31 
0.4 13 88 


Urinary estrogen content: by bioassay 
(male: hepatic cirrhosis) 


8.0 (3.7-19.0) wg /24 hrs 


by chemical assay 6.8 ug/24 hrs 


* The symbols (b, A, g, U, G, tG, and P(G)) used in the statistical analysis of the bioassay results are those of Gaddum (18), Each 
figure for the estrogen conteat of the urine samples determined by bioassay is followed by the fiducial limits in parentheses (p = 


0.95). 


separation in some form must follow, and provided such chro- 
matographic separation is effective, no advantage appears to 
accrue from the use of the more elaborate extraction procedures, 
such as those of Brown (19) and Bauld (20). 

The application of the extraction procedure of Engel et al. (12) 
to plasma has also proved satisfactory in the hands of the present 
authors, as judged by recovery rates of estrogens added to 
plasma (Table VI). 

Although sulfuric acid fluorescence is by no means specific for 
estrogens, it is considerably more sensitive than any other cur- 
rent procedure for their quantitative estimation and was selected 
for this reason. 

Various forms of chromatography have been used in the 
separation of estrogens obtained from biological material. These 
include paper chromatography (21, 22), adsorption chromatog- 
raphy (19), and column partition chromatography (20). In 
addition, countercurrent distribution has been used (12). How- 
ever, of these methods only adsorption column chromatography 
(19, 23) and partition column chromatography (20) have been 
used to any extent for the estrogen estimations in multiple 
samples of biological material. 

The advantages of column partition chromatography in the 
estimation of estrone, estradiol-178, and estriol in biological 
fluids lie in the high degree of resolution which can be achieved. 
By calculation, the number of theoretical stages or “plates” in 
the 10-cm columns used in this study is about 180. By com- 
parison, a countercurrent distribution apparatus with the same 
number of stages is both bulky and expensive. 

So far as is known, estrone, estradiol-17@6, and estriol cannot 
be separated from one another and from the interfering material 


in urinary extracts by one solvent system, although this can be | 


done effectively by the use of three separate systems. The 


combining of three such solvent systems in one partition column 
by the use of three successive mobile phases, as in the — 
study, conveniently overcomes this difficulty. 

Although column partition chromatography was used for the. 
separation of urinary estrogens by Bauld (20), the high degree of ! 
resolution expected from this form of chromatography was not 
clearly attained. This is perhaps due to the preliminary cal- 
cining of the Celite supporting phase, the relatively large in- 
ternal diameter of the columns (1.0 cm), and the large volumes 
of eluate collected and bulked. These large volumes may con- 
tain much interfering material. Furthermore, the method of, 
Bauld (20) involves the added complication of two partition 
columns, one for estrone and estradiol-178, and one for estriol. 

An assessment of the sensitivity of the method must depend 
not only on the sensitivity of the fluorometric procedure for 
quantitative estimation, but also on the circumstances in which 
the estimation is carried out. After chromatography of a single 
estrogen alone, the minimal amount detectable would be that 
amount of the estrogen which just gives a recognizable chro-— 
matographic curve, the base-line being both low and flat. Under 
these circumstances, the minimal amount of estrone, estradiol-_ 
178, and estriol detectable is approximately 0.0075 yg, 0.009" 
ug, and 0.015 ug, respectively. It will be realized that at these _ 
low levels the estrogen fluorescence intensity in some of the, 
fractions will approach thai of the reagent blank. 

On the other hand, when estrogens in biological extracts are” 
estimated, the base-line on which estrogen curves are superim- | 
posed may not only be higher, but may alsu be, to a variable 
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extent, sloping or irregular. Consequently, under these condi- 
tions an estrogen curve may have to be at least two or three 
times larger to be recognizable as symmetrical, with a consequent 
decrease in sensitivity. In other words, the sensitivity must 
vary with the amount of interfering material present. 

Since the amount of interfering material in urinary extracts 
yaries considerably from sample to sample, it is clearly not pos- 
sible to give a definite minimal sensitivity for the estimation of 
the three estrogens in urine by the routine method. However, 
an approximate figure for the average normal male and female 
urine would be (in wg/24 hours urine): estrone 1.5, estradiol-178 
1.8, and estriol 3.0. In many samples where the interfering 
material is small in amount, and where the base-line is low and 
regular, if no curve is seen in the chromatographic position of an 
estrogen, then it is possible to state that such estrogen, if present 
at all, is present in a concentration of less than 0.5 ug/24 hours. 
However, as previously indicated, at these low levels it is more 
desirable to use the double chromatographic procedure. 

In plasma, the interfering material is less than in urine, and 
the sensitivity of the method correspondingly increases. The 
minimal sensitivity for plasma is approximately as follows 
(ug/100 ml.): estrone 0.05, estradiol-178 0.07, and estriol 0.1. 
Except in late pregnancy plasma, estrogen levels in normal 
subjects appear to be below these minimal amounts, and cannot 
be determined by this method. 

The specificity of the method depends principally on a correct 
assessment of the identity and homogeneity of the chromato- 
graphic estrogen curves. The methods by which this is done 
have already been described, together with those additional 
identification procedures which should be carried out in a doubt- 
ful situation. The construction of a chromatogram for each 
sample analyzed is considered of great importance, since in this 
way each analysis can be monitored, any anomalous situation 
recognized, and the appropriate additional procedures instituted. 

Quantitative bioassay of the material composing the chromato- 
graphic estrogen curves was successful in the case of estriol. It 
is hoped shortly to provide the same evidence for the estrone 
and estradiol-178 curves. This will be the subject of a further 
report. 


SUMMARY 


1. A method for the estimation of estrone, estradiol-178, and 
estriol in urine and plasma is described. This involves acid (or 
enzyme) hydrolysis, extraction, column partition chromatog- 
raphy, and sulfuric acid fluorescence. 

2. Chromatography is carried out with one partition column, 
one stationary phase, and three successive mobile phases de- 
livered to the column by automatic means. 

3. This chromatographic system is of high resolution, enabling 
the estrogens to be separated not only from one another, but 
also from the large quantities of interfering material present in 
the extracts. 


4. Chromatograms are drawn for each estimation. In this 


way, the procedure is constantly monitored, in that doubtful 
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estrogen curves can be recognized and further steps taken to es- 


- tablish their identity. 


5. The fluorescent estrogen curves are identified by (a) the 
chromatographic position, (b) the symmetrical (Gaussian) shape, 
(c) the symmetrical increase in curve size, when nonradioactive 
estrogens are added, and (d) the superimposition of fluorescent 
and radioactive curves, when radioactive estrogens are added. 

6. Full-scale quantitative assay was carried out on material 
composing the estriol peaks, and good correlation was obtained 
between bioassay and chemical estimations. 

7. The sensitivity of the routine method allows the following 
minimal amounts (in ug /24 hours) to be measured in the average 
normal urine without loss of specificity; estrone 1.5, estradiol-178 
1.8, estriol 3.0. Much lower levels can, however, be measured 
by the double chromatographic procedure with an actual in- 
crease in specificity. 

8. The lower limits of sensitivity for plasma are approximately 
(ug/100 ml of plasma): estrone 0.05, estradiol-178 0.07, and 


estriol 0.1. The levels in nonpregnant subjects are below these 
limits and cannot be measured by this method. 
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Despite the elegant methods of analysis for estrogenic steroids 
based on either column partitioning (1, 2), countercurrent 
distribution (3), or paper chromatography (4), there still re- 
mains a need for a more rapid and more sensitive assay procedure. 
The advent of gas chromatography has offered a possible solu- 
tion to this problem. 

It was shown that estradiol is not particularly stable, even in 
a high vacuum at the temperatures needed to vaporize it. In 
order to chromatograph substances subject to such vapor phase 
decomposition, it seemed reasonable to use small amounts of 
derivatives soluble in the column coating, in order to reduce the 
rate of decomposition. 

It was therefore decided to attempt the gas chromatographic 
separation of the fully acetylated derivatives of estradiol, estrone, 
and estriol. A further reason for this decision was that the only 
available high-temperature column substrates were nonpolar, 
and low polar substances would therefore have greater interac- 
tion with the column coating. With the use of a short silicone 
grease column, quantitative separation of the three estrogen 
acetates was achieved between 235 and 280°, without detectable 
decomposition. The rapidity of the method reported is due to 
the speed of separation, on the one hand, and the fact that sep- 
aration and measurement occur simultaneously, on the other. 


EXPERIMENTAL PROCEDURE 


Column Preparation—The column packing was prepared by 
dissolving 3 g of Dow-Corning silicone grease in 50 ml of hot 
dichloromethane. To this hot solution were added 7 g of 
Chromsorb (40 to 60 mesh), and heating was continued until the 
solvent was evaporated and the granular residue was relatively 
dry and free flowing. The }-inch copper tubing of selected 
length was plugged at one end with glass wool and the packing 
was slowly poured into the other end via a connected funnel. 
Occasional gentle tapping is all that is required for proper filling. 
After the column had been coiled and the swage lock fittings 
attached, the tubing was inserted into the gas chromatograph. 
The packing was cured for at least 48 hours at the maximal 
operating temperature (300°) and the maximal desired flow of 


helium. 
The particular column (3 feet) used in this work has been in 


*.Presented at the 138th meeting of the American Chemical 
Society, New York City, September 14, 1960. 
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Martin, Boston University, 1961. 


continuous operation for over 8 months without giving evidence 
of any change in retention time. 

The first part of this work was carried out with an Amineo 
gas chromatograph (American Instrument Company, Ine, 
Silver Spring, Maryland) equipped with a katharometer detector 
and l-mv recorder. Adequate temperature control to 300° 
was possible with this equipment. Since the thermistor is in. 
sensitive to concentrations below 60 yg of steroids and no satis. 
factory high sensitivity detector was available for this instru. 
ment, the second part of this investigation was _ performed 
with a gas chromatograph made by the Research Specialties 
Company (Richmond, California). 
adequately to 245° and was equipped with a Sr® ionization 
detector coupled to a 5-mv recorder sensitive to approximately 
0.1 ug of steroid. 


RESULTS 


Thermal Stability of Estradiol—Several samples of approx- 


mately 500 mg of estradiol were evacuated to 0.2 mm Hg inan | 


isotenoscope which was connected to a manometer. The bottom 


This machine operated | 


of the isotenoscope was heated in a molten lead bath. Readings _ 


of the change of pressure were taken periodically to determine 
the rate of decomposition. 
different temperatures are shown in Table I. 


The results thus obtained at three 
The solid residue — 


from the isotenoscope was chromatographed on paper and showed 


two spots, one of which was Zimmermann-positive and travelled 
like estrone in a toluene-propylene glycol system. Infrared 
examination of this material showed it to be mostly estrone with 
a possible contaminant thought to be equilin. 

Thermal Stability of Estrogen Acetates—Before undertaking the 
chromatographic separation of the acetates of estrone, estradiol, 
and estriol, it was necessary to determine their stability under 
the conditions of maximal separation. 

Three criteria were used to determine whether decomposition 


had occurred. The first and second were a comparison of the — 


infrared and ultraviolet absorption spectra before and after 


passage through a hot column, and the third consisted of an | 
examination of the chromatographic record over an extended : 
period of time after injection of the steroid. Had any significant | 
decomposition occurred, a new peak would be expected to occur | 
or skewing or broadening of existing peaks should be noticed. | 
At no time was such a new peak or skewing or broadening noted 
following chromatography of the three substances under invest! | 


gation. 
After injection of 300 to 400 yg of each of the three substances, 
the effluent material was trapped at the exit port, and when tt 
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TABLE I 
Rate of pyrolysis of estradiol 
Temperature He Estrone® 
°C mm/min pg/min 
275 0.40 50.5 
287 0.432 56 .6 
317 0.488 63 .2 


«The major component was identified as estrone by infrared 
spectroscopy, but a minor component (possibly equilin) is also 


present. 
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Fic. 1. Comparison of the infrared spectra of estrone acetate 
before and after injection into the gas chromatograph. 
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Fic. 2. Comparison of the infrared spectra of estradiol di- 
acetate before and after injection into the gas chromatograph. 
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had been dissolved in carbon disulfide, the spectral results shown 
in Figs. 1, 2, and 3 were obtained. It is readily seen that no 
significant decomposition of the injected material occurred. 
These studies were performed in a large injection block at 325° 
with 100 ul of acetone. Similarly, with a small injection block 
and 0.1 to 25 ug of estradiol acetate in 2 ml of acetone, no de- 
composition was detected. 

Further evidence for the stability of the three estrogen deriva- 
tives was obtained by calculating the ratios of the absorption 
coefficients of the maxima at 268 and 275 my before and after 
injections into the gas chromatograph. Values of 1.04, 1.02, 
and 1.02 before and 1.07, 1.04, and 1.07 after chromatography 
were obtained for estrone, estradiol, and estriol, respectively. 

Effect of Temperature on Retention Time—In Table II are 
shown the retention times obtained for the three estrogen ace- 
tates at three different temperatures. The determination at 
280° was carried out with a thermal conductivity cell and helium 
as carrier gas. The other two readings were obtained with an 
ionization detector with argon as carrier gas. 

Effect of Flow on Retention Time—lIncreasing the pressure and 
flow rate resulted in the expected decrease in retention time. 
These data are shown in Table III. 
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Fic. 3. Comparison of the infrared spectra of estriol triacetate 
before and after injection into the gas chromatograph. 


TaBLeE II 
Effect of temperature on retention time 


All analyses were carried out at a constant flow rate of 400 ml 
per minute. 


Retention time 
Temperature 
Estrone® | Estradiol® Estriol® 
min 
235 11.6 16.9 31.8 
245 8.24 12.0 22.5 
280 3.06 4.01 6 .86 


* As the fully acetylated derivatives. 
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TaBLe III 
Effect of pressure and flow rate on retention time 
The column temperature for all these determinations was 235°. 


Retention time 


Flow rate Pressure 
Estrone® Estradiol® Estriol® 
ml/min psi | min 
50 4 62 | 92 174 
400 | «16.9 31.8 
500 28 11.3 16.4 30.6 
600 30 9.88 14.6 27.3 


“ As the fully acetylated derivatives. 


TaBLe IV 
Comparison of retention times and peak areas 
for different derivatives 
All determinations were carried out at 235° with a pressure of 
25 pounds per sq. in. and with 6.25 ug of steroid in 2 yl. 


Compound Retention time Area 

min mm? 

Estradiol diacetate. ............... | 16.5 950 
| 31.5 764 
Estrone methyl ether?............. | 7.80 595 
Estradiol methyl! ether?............ | 8.48 553 


¢ Although the numerical value for the retention time of these 
two compounds is slightly different, the substances emerge as one 
peak when injected together. Separation was achieved by chang- 
ing column conditions. 

Comparison of Retention Time and Peak Area for Different 
Derivatives—Table IV shows the retention times and peak 
areas for estrogen acetates and methyl ethers as determined with 
an argon flow Sr* detector. The column was operated at 235°, 
and constant flow and pressure was maintained for all the de- 
terminations. 

Effect of Solvent on Compound Stability—With the large in- 
jection block at 300° (American Instrument Company) 200 to 
400 ug of estradiol diacetate in 100 ml of several different solvents 
were injected. In ethanol and methanol a second peak appeared 
which had the retention time consistent with that of an estrogen 
monoacetate. No such effect was noted when the steroid was 
dissolved in cyclohexane, acetone, pyridine, isopropyl alcohol, 
and a mixture of acetic anhydride and pyridine before injection. 

With use of a machine with a smaller injection block (Research 
Specialties Company) estradiol diacetate in 2 ul of these same 
solvents was again injected at the same temperature; however, 
this time no deacetylation was observed. 

Relation of Peak Area to Concentration—When 100 to 400 ug 
of estrone acetate and estradiol diacetate in 100 ml of acetone 
were injected and chromatographed, a plot of area against con- 
centration produced straight lines passing through the points of 
origin. The slope of the line for estrone acetate was 0.602 mm? 


per ug, and that for estradiol acetate was 0.670 mm? per ug. The 
area was calculated as the product of the peak height and the 
width at half the height of the peak. 
Studies of peak heights using solutions of 12.5 ug per 2 ul of 
estrone, estradiol, and estriol acetates in acetone and a serial 
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dilution (1:1) thereof also produced a linear plot, going through 
the origin, after correction to a common attenuation. The 
slopes for estrone, estradiol, and estriol were found to be 8.15 
5.00, and 1.77 height units per ug, respectively. 

Reproducibility— With a solution of 12.5 ug of estrone acetate 
in 2 wl of acetone, a series of six successive injections was re. 
corded. The peak heights recorded were 27, 28, 27.5, 26, 27, 
and 28.5, respectively, with a mean of 27.17 and a standard 
deviation of +0.75. 

Detection Sensitivity—The approximate lower limit of detection 
of the three estrogens (as the acetates) was 0.15 wg. As little 
as 0.09 ug of estrone and estradiol acetates can be measured: 
however, because of the long retention time no base-line deflee. 
tion for this amount of estriol triacetate was observed. 

The Sr*° ionization detector (Research Specialties Company) 
was calculated to detect on the basis of the number of molecules 
present in the chamber per unit time. This can be seen in Table 
V, which shows the ratio of the slopes as compared with the 
ratio of the sensitivity factor (1/retention time X molecular 
weight). As can be seen from columns 3 and 6, the slope and 
sensitivity factors for each compound are in close agreement. 

Acetylation Studies—Known amounts of estradiol, estrone, 
and estriol were treated with an excess of pyridine and acetic 
anhydride for varying periods of time at room temperature. 
The resulting material was then gas chromatographed with an 
internal standard (estrone acetate) for quantitative comparison 
(Table VI). | 

Similarly, mixtures of estrone and estradiol were acetylated 
for varying times at 60° and then chromatographed and measured 
as before, except that instead of an internal standard, direct 
calibration was used. From the results presented in Table VI, 
it is apparent that quantitative acetylation takes place at 60° in 
30 minutes. | 


Chromatography—With the use of the information reported in | 


the previous paragraphs, the quantitative separation of synthetic 
mixtures of estrone, estradiol, and estriol acetates was under- 
taken. Fig. 4 shows a typical chromatogram obtained when 
quantities of 100 to 400 ug of each of these steroids were injected 


into the Aminco gas chromatograph with a thermal conductivity | 


cell. This separation was achieved on a 3-foot, 30/70 silicone 
grease column in just under 7 minutes at a temperature of 280° 
with a fast flow rate (100 ml of He per minute uncorrected or 375 
ml of He per minute corrected). 


TABLE V 


Ratio of slopes as compared with ratio of sensitivity factors 


Ratio of Tr | Ratio of 
Compounds as acetates Slope* | Slope Ex° uw E,4 
Ei Ei 
eee 8.15 1 1 1 1 
Estradiol. .......... 5.00 0.61 1.46 1.13 0.61 
1.77 0.22 2.79 1.33 0.27 


2 Represents height units per microgram. Each height unit 
equals 2.4 mm for a 5-mv recorder. 

’ Ratio of the slope (column 1) of estradiol and estriol (£z) to 
estrone (£;). 

¢ Ratio of the retention time of estradiol and estriol to estrone. 

4 Ratio of the molecular weights of estradiol and estriol to 
estrone. 

¢‘ Sensitivity factor is the reciprocal of the product of columns 
4 and 5. 
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Adequate separation was thereby obtained in a very short 
time. However, to separate and detect very much smaller quan- 
tities (0.1 to 100 ug) of estrogens, use of the ionization detector is 
obligatory. Because of the nature of the specific detector avail- 
able to us, the working temperature could not exceed 250°. 
Therefore, the column conditions in Fig. 5 show that, even at the 


TaBLE VI 
Acetylation studies 


All samples were treated with 1 ml of pyridine and 1 ml of acetic 
anhydride for the times and at the temperatures indicated. 


Compound Ti Tem- 
ime pera- 
ture | | Found* | | methods 
°C /2ul 
Estrone 48 hr 25 | 11.6 11.95} 1038 
Estradiol 48 hr 25 6.55 6.85 | 104 
Estriol 48 hr 25 6.46 7.2 111 90% 
Estrone 30 min | 60 5.78 | 5.05 87.5 86° 
40 min | 60 5.78 | 5.12 89 
50 min | 60 5.78 | 5.28 91.5 87° 
60 min | 60 5.78 | 5.12 89 85¢ 
70 min | 60 5.78 | 5.22 90.5 86° 
Estradiol 30 min 60 6.54 | 5.70 87 984 
40 min 60 6.54 | 6.20 95 1054 
50 min | 60 6.54 | 5.80 89 964 
60 min 60 6.54 5.80 89 914 
70 min | 60 6.54 | 6.20 95 1054 


¢ Refers to the amount of steroid recovered as calculated from 
the peak area of the gas chromatogram. 

> Measured gravimetrically. 

¢ Measured by ultraviolet absorption spectroscopy. 

¢ Measured by infrared absorption spectroscopy. 


CONDITIONS 


COLUMN LENGTH © 35 feet 
PACKING Dow Corning silicone grease 30/70 | . 
TEMP : 280°C 
INJECTOR TEMP.: 300°C 
PRESSURE : psi 
FLOW RATE : 100 cc / min. 
ELUTING GAS Helium 
CHART SPEED: 80 inches /hr. 


A 
Acetone 
( solvent ) 
Estriol 
Estrone Estradiol (D) 


Acetote (B) Diacetate (C ) 


~ 
CHy-C- 


CH,-C- 


D 


L ia 
0 3.06 4.10 6.86 
RETENTION TIME (minutes) 


Fig. 1 SEPARATION OF THE ESTROGENS AS THE ACETATES 


Fic. 4. Gas chromatogram of 200 ug each of estrone acetate, 
estradiol diacetate, and estriol triacetate with a thermal conduc- 
tivity detector. The flow rate shown in the diagram is uncor- 
rected. Corrected, the flow rate is 375 ml per minute. 


90 
CONDITIONS 
Column Length 3 feet 
Temperature 245°C 
injector Temp 32°C 
Pressure 25 psi 
Flow Rote 375¢c/min. 
Chert Speed 10 in 
Detector Sr°° 
injection Vohksne 2 microtters 
Attenuation | X 
Vottage 1000 KV 
Quontity yg of Estrone, Estradiol 
Estrol Acetates 


i 
oL 


0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 
TIME (minutes) 


Fig. 5. Gas chromatogram of 1.56 ug of the acetates of estrone 
estradiol, and estriol with an ionization detector. 
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CONDITIONS 


Column Length 3 feet 
Packing Oow Corning Silicone Grease 30/70 
Pressure 25 ps: 
Temperature 245°C 
injector Temp. 321°C 
AcO Fiow Rate 375 cc/min. 
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Fig. 6. Gas chromatogram of 12.5 ug of each estrogen with the 
ionization detector and a column temperature of 245°. 


lower temperature and the same flow rate, separation of 12.5 
ug of each of the three estrogens was attained in less than 30 
minutes. The symmetry and sharpness of the peaks, as well as 
the absence of extraneous peaks, offer renewed evidence of the 
stability of the compounds under conditions of more prolonged 
exposure to high temperatures. Fig. 6 shows the results obtained 
when 1.56 ug of each substance were chromatographed with a 
column temperature of 245°. 

In order to determine any possible closely related substances 
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Fic. 7. Gas chromatogram of 12.5 ug of the three estrogen acetates. 
Conditions: column length, 3 feet; packing, 30/70 silicone grease; temperature, 235°; injection temperature, 310°; pressure, 4 pounds 
per sq. in.; flow rate, 50 ml per minute; eluting gas, argon; chart speed, 10 inches per hour; detector, Sr?°. 


(in terms of molecular weight) such as might be expected in 
metabolic experiments, column conditions were developed which 
allowed considerable separation of retention times. In Fig. 7, a 
mixture of 12.5 wg of the three compounds under investigation 
was separated at 235° on a 3-foot column. 


DISCUSSION 


The primary purpose of this work was the development of a 
rapid and sensitive assay procedure for estrogenic hormones. 
Although this communication deals with the separation and 
measurement of pure substances, comparable only to the final 
chromatographic separation and quantitative measurement of 
present day estrogen assays, one can readily foresee the relative 
brevity of such a procedure. Not only can the retention time 
be kept extremely short, but simultaneous quantitation elimi- 
nates one complete step. 

The two problems to be faced before undertaking such a study 
were those of thermal stability and heat of vaporization of the 
estrogens. The pyrolytic studies indicated that estradiol, when 
subjected to temperatures from 275 to 375° in a high vacuum, 
underwent a successive series of dehydrogenations. The first of 
these dehydrogenations yielded estrone at a rate of 60 ug per 
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Fic. 8. Relation of the molecular weight to the retention time. 
The points, in ascending order, represent: estrone methyl ether, 
estradiol methyl ether, estrone acetate, estradiol diacetate, 
estriol triacetate. 


A, estrone acetate; B, estradiol diacetate; C, estriol triacetate. 


minute. 
spectroscopy and the gaseous phase was found to contain only 
hydrogen by gas chromatography. A theoretical consideration 
of the heat of vaporization of estradiol and its acetate, based op 
intermolecular hydrogen bonding and molecular symmetry, 


strongly suggested the use of the less polar derivative. This } 


view was further strengthened by the nonavailability of polar 
high-temperature liquid column coatings. On the other hand, 


several nonpolar high-temperature coatings (mostly silicones) | 
The final choice of the proper derivative was | 


were available. 
based on several factors. For one thing, the acetylation reaction 
with acetic anhydride in pyridine proceeds quickly and quantita. 


tively (Table VI) and produces mono-, di-, and _triacetates, | 
thereby reducing polarity for the polyhydroxy substances and } 
allowing better separation on the column (Table IV and Fig. 8), } 


That great differences in molecular weight are introduced by 
acetylation is particularly important in view of the fact that 


separation in gas chromatography is largely a function of dif- | 
ferences in molecular weight among a series of closely related | 
Since the separation factor is a function of the } 


compounds. 


From this reaction estrone was identified by infrared | 


boiling point (5), which is a function of molecular weight, these | 


factors may be expressed by: 


MW 
In Tr = 


+ K 


where 7'r is the retention time. 


A plot of the retention times against the molecular weights for 
the different derivatives produced a straight line (Fig. 8), sug- 


gesting the validity of our assumptions for these compounds. — 


Thus it becomes apparent that greater separations can be ob- — 


tained with greater differences in molecular weight. Since this 
relationship is logarithmic, the considerable differences in reten- 
tion times between the two methyl] ethers and the three acetates | 
become quite understandable. 
The foregoing data present good arguments for the use of ester _ 
derivatives. The evidence presented in Figs. 1 to 3 also rules — 
out any significant decomposition of the acetates under the vary- 
ing conditions reported here. The only decomposition ever 
observed occurred when injection from primary alcohols was 
made. Although the apparent loss of one acetyl group suggests 
transesterification, other causes cannot be ruled out. For this | 
reason one should avoid use of primary alcohols as solvents. 
Early experiments with a 6-foot column resulted in excessively | 
long retention times, and a 3-foot column was shown to allow | 
considerable variation of this factor (Figs. 4 to 7). Estriol, the 
slowest member of the group, can be seen to emerge as a Sylr | 
metrical peak anywhere from 7 to 180 minutes after injection. | 
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The speed of separation and measurement, which is controllable 
by changing the column length, flow rate, or temperature, was 


thereby demonstrated. 


The second objective in developing a new method was the 
improvement of the sensitivity of detection. The analysis of as 
little as 0.07 wg of estrone and estradiol and 0.2 yg of estriol 
acetates (calculated as free steroids) was carried out with the 
By using a l-mv recorder, it seems probable 
that even lesser amounts will be measureable. Evidence of this 
ean be deduced from Fig. 5. Since the detector sensitivity is 
dependent on the number of molecules in the chamber per unit 
time, as shown from the calculations in Table V, and since this 
number is dependent on the retention time, the sensitivity is 
increased with decreasing retention time. 

Although evidence for the quantitative acetylation is presented 
in Table VI, the problem of esterification merits certain pertinent 
remarks. According to the best evidence obtained, estrone is 
acetylated in 85 to 92% yield from amounts of 250 to 1000 yg 
of steroid. Careful evaluation of the esterification of estradiol 
has shown that with a reaction time of 1 hour a yield of 92% of 
the theoretical value can be obtained. The remainder (8 per 
cent) was shown to be the 3-monoacetate of estradiol. The 
presence of the monoacetate impurity may be of importance, 
since it may be confused with estrone acetate which has nearly 
the same retention time, except under conditions involving very 
long times of elution (Fig. 7). A yield of 98% of the diacetate 
may be obtained by carrying the reaction out overnight. The 
quantitative determination of the diacetate was based on the 
relative intensities of the 1760 cm~ and the 1730 cm — bands. 
Acetylation of estriol (500 mg), measured gravimetrically after 
isolation of the triacetate, yielded a 90% conversion. 

The first evidence that steroids may be gas chromatographed 
was presented by Beerthuis and Recourt (6) who, earlier this 
year, separated several neutral sterols and their esters on a 3-foot 
silicone column. These authors presented evidence that no 
decomposition occurred with cholesterol. The material presented 
here is complementary, in that successful separation of phenolic 
steroids by similar means has been accomplished. Both this 
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work and that of Beerthuis and Recourt are in some disagreement 
with the recent work of VandenHeuvel et al. (7) who reports 
broad peaks and multiple components—a possible sign of de- 
composition—for steroid esters after separation on high-tem- 
perature columns. Attention is drawn to the symmetry of the 
peaks in Figs. 4 to 7. * ae 

Application of this method to the analysis of estrogens from 
biological extracts is now under investigation and will be the 
subject of a future report. 


SUMMARY 


The acetic acid esters of estrone, estradiol, and estriol have 
been quantitatively separated and measured by gas chromatog- 
raphy on a silicone column. Evidence for quantitative acetyla- 
tion and thermal stability has been presented. Variation of 
column conditions was shown to allow either rapid analysis, in 
less than 7 minutes, or allow longer retention times resulting in 
the separation of similar compounds in 3 hours. 
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The biosynthetic capacity of the testis has been well docu- 
mented in recent years. Some evidence is available that this 
organ does, in addition, have the ability to transform steroid 
hormones to inactive products, substances which are presumably 
in the catabolic pathway. For example, testis tissue reversibly 
oxidizes the 178-hydroxyl, 36-hydroxyl, and 3a-hydroxyl groups 
of the Cy, steroids (1, 2), even though these reactions proceeded 
at much lower rates than analogous ones carried out by liver 
tissue. Furthermore, the isolation of certain metabolites from 
hog testis indicates that the testis may indeed have a still greater 
capacity than expected to métabolize its secretory products. 
This is borne out by characterization of 36-hydroxy-5a-pregnan- 
20-one and 3a-hydroxy-S5a-pregnan-20-one (3) from hog testis 
extracts which offers evidence for the presence of A*-hydrogenases 
in this tissue. Most interesting is the isolation and characteriza- 
tion of A’*-androsten-3a-0l and A!*-androsten-36-ol from hog 
testis (4) which suggest that, in addition to ring A reduction, 
this tissue does contain an enzyme system which can, by some 
unknown mechanism, remove the hydroxyl group at C-17. 

Failure to discern a more detailed metabolic role for the testis 
in vitro has perhaps been caused by the high substrate levels 
used, that may have an adverse effect on certain of the steroid- 
metabolizing enzyme systems. We, therefore, reinvestigated 
this problem with the aid of micro quantities of C'-labeled 
testosterone. 4-C'™-Testosterone was incubated with a rat 
testis homogenate and, by means of isotope dilution techniques, 
it was possible to demonstrate ring A reduction, hydroxylation 
at C-16, and, most striking of all, the removal of the oxygen 
function at C-17 to yield A'* derivatives. 


EXPERIMENTAL PROCEDURE AND RESULTS 


Twenty grams of rat (Wistar strain) testis was homogenized 
with 20 ml. of 0.154 m KCl in an all glass Potter-Elvehjem type 
homogenizer at 4°. The volume of the final homogenate was 
35 ml. Two milliliters of this homogenate were pipetted into 
each of 10 20-ml beakers, each containing 1 we 4-C"-testosterone 
(0.174 umoles) in 0.1 ml of propylene glycol. Final additions to 
each vessel consisted of 20 umoles of glucose 6-phosphate, 0.9 
Kornberg units of glucose 6-phosphate dehydrogenase (5), 2.0 
umoles of triphosphopyridine nucleotide, 8.5 wmoles of magne- 
sium chloride, and 90 wmoles of phosphate buffer at pH 7.0. 
After thorough mixing, the mixture was incubated for 13 hours 
in air, at 37° with shaking. 

The incubation was terminated by adding 5.0 ml of ethyl 
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acetate to each vessel followed by pooling all the contents of the 
beakers and extracting three times with four volumes of ethy| 
acetate. The combined ethyl acetate extracts were dried over 
sodium sulfate and, after decantation, concentrated to a small 
volume under reduced pressure. The concentrated extract was 
suspended in 100 ml of 70% methanol, transferred to a centrifuge 
bottle, and left overnight in the deepfreeze. On the following 
day it was centrifuged at 2000 r.p.m. for 30 minutes, the super. 
natant decanted, and extracted once with 30 ml of petroleum 
ether. The aqueous-methanol phase was concentrated under 
reduced pressure and the resulting aqueous residue extracted 
three times with four volumes of methylene chloride. The 
methylene chloride extracts were washed twice with 50 ml each 
of 0.1 N NaOH followed by successive water washes to neutrality, 
after which they were dried over sodium sulfate, decanted, and 
evaporated to dryness. The dried extract contained 9.4 x 10! 
c.p.m. which represented an 85% recovery of the added isotope. 


The entire extract was chromatographed on a paper strip, 10 | 


cm in width, in the ligroin-propylene glycol system for 20 hours, 
the overflow being collected. Simultaneously, standards of tes- 
tosterone and A‘-androstene-3 ,17-dione were chromatographed 
alongside. A 1-cm strip was cut from the edge of the paper and 
scanned.!' Three radioactive peaks were detected. One was lo- 
cated near the origin, a second, less polar, zone corresponded in 
mobility to testosterone, and a third zone, the least polar one, 
corresponded in mobility to A*-androstene-3,17-dione. The 
overflow was counted and found to contain 287,000 c.p.m. 


Identification of A*:'®-Androstadien-3-One and A'*- Androsten- 
3B-ol in the Overflow Fraction 


The overflow was rechromatographed on a 2-cm strip in the 
ligroin-propylene glycol system until the solvent front had moved 
to about 2 cm from the end of the paper (43-hour chromatog- 
raphy). A*‘-6Androstadien-3-one and A!*-androsten-38-ol were 
used as standards. After drying, the paper was scanned and 
one peak of radioactivity was observed. This migrated at the 


same rate as the standards which had not separated. The stand- ‘ 


ard A!*-androsten-36-ol was localized by first oxidizing the paper 
with chromic acid followed by color development with the Zim- 
merman reagent (6). The zone was eluted from the paper and 
chromatographed once again under the same conditions and 
again no resolution was obtained. The zone was eluted and 
separated into ketonic and nonketonic fractions by means of 
Girard’s reagent T (7). The nonketonic fraction contained 
48,700 c.p.m. and the ketonic fraction contained a total of 15,710 
¢.p.m. 


1 Paper chromatograms were scanned for radioactivity with 4 
4 x scanner, Scanogram II, model RSC-160, Atomic Accessories, 
Inc. 
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TABLE I 


Identification of A*-1®-androstadien-3-one (13 mg of carrier, m.p. 128- 
131°) and A'*-androsten-3B8-ol (10 mg of carrier, m.p. 138-142°) 
by tsotope dilution technique 


1319 


To an aliquot of the ketonic fractions was added carrier A!-16- 
androstadien-3-one? and this material recrystallized three times 
to constant specific activity. To further establish radiochemical 
purity and identification, the oxime was prepared (8) and re- 


a crystallized to constant specific activity which corresponded to 
ee SNe that calculated for the derivative (Table I). 
Sample, free compound Melting points 
ineiiaiiit | Cie In a similar manner, an aliquot of the nonketonic fraction was 
treated with carrier A'*-androsten-38-ol. There was a signifi- 
44.16. Androstadien-3-one cant decrease in specific activity after the first crystallization, 
ist Crystallization..........) 512 504 128-130° but the specific activity of the crystals after the second and third 
Qnd Crystallization........... 457 recrystallizations was reasonably constant. Formation of the 
3rd Crystallization........... 510 127-131° acetate yielded a product which, after the first crystallization, 
Oxime oe ‘ maintained a constant specific activity which agreed with the 
Ist Crystallization..........) 488 424 142-145 calculated specific activity. Saponification of the acetate and 
2nd Cry 3-145° crystallization of the hydrolyzed product yielded the expected 
3rd Crystallization........... 452 143-145 increase in specific activity (Table 1). 
2nd Crystallization........... 320 Diol, and Etvocholane-3e , 178-Diol 
3rd Crystallization........... 299 138-143° The polar zone, remaining at the origin of the original chro- 
Acetate matogram, was eluted and counted, yielding a total of 5.55 x 
207 150-155° 10° cp.m. This was chromatographed in the cyclohexane- 
2nd Crystallization........... -1)- 
Saponified product 2 We are indebted to Dr. David Kupfer of our laboratories for 
Ist Crystallization.......... 333 129-135° the preparation of A‘:!6-androstadien-3-one by a previously un- 
2nd Crystallization........... 381 published method. The procedure consisted essentially of tosyla- 
3rd Crystallization........... 319 138-143° tion of testosterone, followed by elimination by potassium acetate 
in dimethyl formamide and purification by sublimation. 
TaBLE II 
Identification of androstane-3a,17B-diol, etiocholane-3a,178-diol, and androstane-38 ,178-diol by isotope dilution technique 
Free compound Diacetate Saponified product 
Compound Specific activity Specific activity Specific activity 
Calculated | Observed m.p Calculated | Observed m.p _ Calculated | Observed m.p 
Androstane-3a, 178-diol 
Ist Crystallization.............| 864 894 222-225° 605 548 159-162° 760 
2nd Crystallization.............. 773 529 710 
3rd Crystallization.............. 782 223-226° 585 160-163° 735 221-226° 
Etiocholane-3a, 178-diol 
Ist Crystallization.............. 642 659 233-235° 401 320 118-122° 560 230-234 ° 
2nd Crystallization.............. 530 295 501 
3rd Crystallization.............. 521 234-236° 280 120-124° 499 231-234° 
Androstane-36, 178-diol 
Ist Crystallization............. 100 152-156° 88 76 124-128° 91 158-162° 
2nd Crystallization.............. 71 82 99 
3rd Crystallization.............. 115 164—-167° 79 129-139° | 102 163-165° 
TaBLeE III 


Identification of 16a-hydrozytestosterone by isotope dilution technique 


Free compound 


| 


Diacetate Saponified product 


Compound Specific activity 7 Specific activity | Specific activity 
Calculated | Observed m.p | Calculated | Observed m.p | Calculated | Observed m.p 
| 
I6a-Hydroxytestosterone | 
Ist Crystallization............. 913 712 174-177° 415 495 115-120° 461 170-178° 
2nd Crystallization.............. 540 498 | 482 
3rd Crystallization.............. 532 175-179° 458 117-120° | 524 178-181° 
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each side of the 5-cm strip were chromatographed simultaneously 
standards of etiocholane-3a,178-diol, androstane-3a ,178-diol, 
and 16a-hydroxytestosterone® 
ten-3-one). The paper was dried and scanned and the standards 
localized by oxidation of the standard strips with chromic acid 
followed by color development with the Zimmerman reagent (6). 
In this manner, three peaks were located, each of which corre- 
sponded to the respective standards used. The zones corre- 
sponding to etiocholane-3a,178-diol and androstane-3qa@ , 17@-diol 
were eluted and rechromatographed separately in the same 
chromatographic system. After scanning, the radioactive peaks 
were eluted and counted. The androstane-3a-178-diol zone con- 
tained a total of 92,320 c.p.m. and the etiocholane-3a, 17@-diol 
47,360 ¢.p.m. To aliquots of these eluted zones, the respective 
carriers were added and each recrystallized to constant specific 
activity. To further establish identity and radiochemical pu- 
rity, these compounds were acetylated (10, 11) and the acetates 
recrystallized to constant specific activity. The specific activ- 
ities for the derivatives remained in the range for those calculated 
for the derivatives. Upon hydrolysis of the acetates, the specific 
activity of the free compounds was consistent with that observed 
before acetylation (Table IT). 

Further fractionation of the etiocholane-3a , 178-diol zone was 
carried out. Carrier androstane-3@,17@-diol was added to an 
aliquot of the etiocholane-3a ,17@-diol zone and a repeated dig- 
itonin separation carried out, to obtain an a and @ fraction. 
After dissolution of the digitonides and partial purification, both 
fractions were recrystallized to constant specific activity. The 
specific activity of the a-fraction (etiocholane-3a@ ,17@-diol) was 
the same as that obtained with the first dilution experiment with 
this zone. Therefore, no further work was done on this fraction. 
The 6 fraction was acetylated and recrystallized and constant 
specific activity was attained with about a 10% drop’ from the 
calculated specific activity. However, on hydrolysis of the ace- 
tate and recrystallization of the free compound, the theoretical 
increase in specific activity was obtained. The results are sum- 
marized in Table IT. 


Identification of 16a-Hydroxytestosterone 


The zone corresponding to 16a-hydroxytestosterone after elu- 
tion from the paper was rechromatographed in the benzene- 
methanol system of Finkelstein et al. (12) for 33 hours. After 
drying and scanning, the radioactive peak was eluted and 
counted. It contained a total of 39,510 e.p.m. Carrier 16a- 
hvdroxytestosterone was added to an aliquot of this fraction 
and the mixture subjected to three recrystallizations. A signif- 
icant drop in specific activity was observed after the first crystal- 
lization, which, however, remained constant through the next 
two recrystallizations. Upon acetylation, the product gave the 
expected specific activity. This was followed by saponification 
and crystallization of the hydrolyzed product, yielding the ex- 
pected increase in specific activity and indicating radiochemical 
purity. These results are summarized in Table IIT. 


DISCUSSION 


These results clearly demonstrate that testis tissue, in addition 
to its biosynthetic capability, can metabolize testosterone to a 


3 We are indebted to Dr. Seymour Bernstein of Lederle Labora- 
tories for generously supplying us with the 16a-hydroxytestoster- 


one. 


Metabolism of 4-C'-Testosterone 


Vol. 236, No.3 


variety of products. This catabolic function is not limite; 
merely to reversible oxidation of the 178-hydroxyl group. The 
isolation and identification of androstane-3a,178-diol, androx. 
tane-36,-178-diol, and etiocholane-3a@ ,178-diol proves the pres. 
ence of both A*-5a- and A*-5G-hydrogenases in this tissue. 
acterization of 16a-hydroxytestosterone shows the presence of 


16a-hydroxylase system, and identification of the two A! steroids. } 


and A!*-androsten-38-ol, suggests the 
presence of enzyme systems capable of dehydrating ring ), 
This latter reaction was first demonstrated in this laboratory by 
incubating testosterone with human liver homogenate (13). 

Qualitatively, the pattern in vitro of testosterone metabolisy 
in testis tissue appears to be quite similar to that observed fo 
human liver tissue (13). What the significance of this may be 
from a physiological point of view is not known. It is possible 
that these steroid-metabolizing systems could function as a cop. 
trol on the amount of biologically active secretory product leay. 
ing the testis, thereby contributing to homeostasis. Thi 
suggestion may also apply to other endocrine organs since At 
hydrogenase activity has been observed in adrenal glands of sey. 
eral mammalian species (14). 


SUMMARY 


1. Incubation of 4-C'-testosterone with a rat testis homoge. } 


nate has demonstrated for the first time that this tissue possesses 
significant capacity to metabolize testosterone. 
2. The following metabolites were isolated and identified by 


isotope dilution techniques: androstane-3a ,17@-diol, etiocho- 
16a -hydroxytes- 
and | 
This demonstrates the presence in testis of A*-5a- and A‘5¢- | 
hydrogenases, a 16a-hydroxylase, and an enzyme system capable 


lane-3a,178-diol, androstane-38,17@- diol, 


tosterone, 


of dehydrating ring D of testosterone. 


3. It is postulated that this capacity to metabolize testosterone 


may be of homeostatic significance. 
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Its Localization in the Ventral Prostate and 
Other Tissues of the Rat* 
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A better understanding of the biochemical mechanisms under- 
lying the biological action of the steroid sex hormones might be 
gained by determining the precise nature and amounts of these 
hormones and their metabolites present in target sexual tissues 
under physiological conditions. With reference to androgen and 
the ventral prostate, the hormonal concentration is too low to be 
detected by conventional methods. An attack on this problem 
has been made by giving injections of radioactive androgen to 
small animals. Thus, in the pioneer study by Barry et al. (1), 
testosterone-4-C'* was injected intraperitoneally into rats and 


/ mice, but significant quantities of radioactivity could not be 


detected in the accessory sex organs; however, the hormone 


- administered was of low specific activity and each animal re- 


ceived only about 0.02 to 0.08 we. Holmes (2) also failed in 
this respect in similar experiments with mature male mice. 


- More recently, Greer (3) injected testosterone-4-C', specific 


activity 12 we per mg, subcutaneously into intact and castrated 


pubescent male rats, each animal receiving 1.3 ue of the hormone; 


significant concentrations of radioactivity were detected in the 
ventral prostate and in other tissues, but the radiometabolites 
were not identified, apparently because of insufficient radioac- 


tivity. An intracellular localization of radioactivity in the ven- 


tral prostate of the rat after testosterone-4-C™ administration 
was reported by Harding and Samuels (4) in a preliminary com- 
munication. 

From this it seemed advantageous to use androgens of ex- 
traordinarily high specific activity in studying the localization of 


; the hormone in target sexual tissues, and accordingly, A4- 
_ androstene-3 , 17-dione-7-H* was prepared by Pearlman (5). The 
_ specific activity of the preparation used in the metabolism ex- 


periments to be described was 3.82 mc per mg; and, the dose 
administered to two intact adult male rats was 3.38 me and 2.31 
The experimental design differed from that in 
the previous studies (1-4) in that the radioactive hormone was 
dot given as a single injection but was infused intravenously at 
4 constant rate over a prolonged period (200 and 140 minutes, 
respectively) in order to approach a steady state such as might 
obtain in the living organism under physiological conditions. It 
seemed more advantageous to determine radioactivity concen- 


_* This investigation has been aided by grants from the National 
‘elence Foundation and from The Jane Coffin Childs Memorial 
Fund for Medical Research. 

t Present address, Harvard Medical School, 25 Shattuck Street, 
Roston 15, Massachusetts. 


trations in the various tissues at dynamic equilibrium than to 
follow the rapid and variable rates of disappearance of the radio- 
metabolites. It was thus possible to calculate the turnover time 
of radioactivity in systemic plasma; to identify and quantitatively 
estimate several hormonal radiometabolites in systemic blood 
plasma and in the ventral prostate; and to compare the patterns 
of the radiometabolites present in these tissues and in liver. 
Furthermore, in preliminary unpublished studies in collaboration 
with Dr. A. R. Currie, Imperial Cancer Research Fund, London, 
and Dr. J. S. Kennedy, Glascow, tissue localization of tritium 
was demonstrated by radioautography. 


EXPERIMENTAL PROCEDURE 


General M ethods—Melting point determinations were made on 
a microscope stage (Kofler type) and are not corrected. Ultra- 
violet analyses were performed in a Beckman model DU spectro- 
photometer. All solvents were analytical grade and were re- 
distilled before use; petroleum ether, n-hexane, and n-heptane 
were shaken with concentrated sulfuric acid, washed with water, | 
dried over calcium hydride, and distilled. 

A4-Androstene-3 , 17-dione-7-H*, with a specific activity of 
3.82 mc per mg, was prepared by Pearlman (5). 

Intravenous Infusion Technique—A 20% ethanol solution 
containing 505 wg of A4-androstene-3,17-dione-7-H*? was in- 
fused at a constant rate of 0.525 ml per hour via the femoral 
vein of 3- to 4-month-old Sprague-Dawley male rats weighing 
340 and 330 g (Experiments 1 and 2, respectively) obtained from 
the Holtzman Rat Company. The animals were maintained 
under light Nembutal anesthesia during the infusion period; the 
total volume of solution thus administered was less than 2 ml 
per rat. The infusion pump, model no. 600-900, was obtained 
from the Harvard Apparatus Company, Dover, Massachusetts. 

Extraction and Preliminary Fractionation of Tissue Extracts— 
Towards the end of the infusion period, blood was removed by 
cardiac puncture; the infusion was then stopped, and other tissues 
(ventral, prostate, muscle, and liver) were removed as quickly as 
possible. The tissues were ground with sand (except in case of 
blood) and extracted repeatedly with liberal portions of acetone 
with gentle warming. The extracts were centrifuged, and the 
supernatant concentrated under reduced pressure to about 5 ml; 
after addition of about 25 ml of water to the concentrate, extrac- 
tion was made once with 50 ml and twice with 25 ml portions of 
ether. The ether extracts were combined and washed three times 


1321 


ited 
The 
har. | 
ofa | 
Olds, 
the 
. 
y by 
for 
be 
sible 
con: 
leay- 
This 
» Ad 
sey- 
loge- 
by 
able 
| 
Inc., 
Ktl- 
O44). 
MA) 
] 
10 
199, | 
elv. 
him. 
AND 
ss. 
ORF- 


1522 


with 10 ml of water. The aqueous phase was extracted three 
times with 10 ml portions of n-butanol; the butanol extracts were 
combined and evaporated to dryness in a vacuum to furnish the 
butanol-soluble fraction (conjugated radiometabolites). The 
ether extract above was evaporated and the residue partitioned 
between petroleum ether, b.p. 40-60°, and 90° methanol; prac- 
tically all the radioactivity (free or nonconjugated radiometabo- 
lites) but very little lipide material entered the 90% methanol 
phase. ; 

The tissue residue, after acetone extraction, was in turn ex- 
tracted with liberal portions of methanol with gentle warming. 
Methanol extracts of plasma and of the ventral prostate con- 
tained very little radioactivity, but those of liver had considerable 
radioactivity; the acetone and methanol extracts of the liver 
were accordingly combined and partitioned as described above. 

Tritium Determination—The radioactive sample was deposited 
from ethanol solution on to a planchet, dried, and counted in a 
windowless gas flow counter (model M-5, Nuclear-Chicago 
Corporation) in a manner previously described (5), except that 
less than about 20 ug of solid material was plated in each instance 
and no dilution of the sample with inert steroid was made. This 
method proved to be satisfactory as a guide in the fractionation 
of extracts of high specific activity, although it gave only an 
approximate estimate of the tritium content, expressed as counts 
per minute, which was not converted to absolute units (d.p.m. 
or wc); the detection efficiency was about 30%. 

Precise estimation of tritium was performed in a Packard 
Tri-Carb liquid scintillation spectrometer when required, as in 
isotope dilution analysis, and the results are expressed as 
microcuries (or millimicrocuries). These absolute units are 
derived from the observed counts per minute by use of the 
equations, detection efficiency = 100 X c¢.p.m./d.p.m., and 1 


TABLE I 


Adsorption chromatography of mixture of 5a- and 58-androstane- 
8a-ol-17-one (isotope dilution analysis of ventral 
prostate extract) 

To an aliquot portion (14.9 muc, 0.2 mg of solids) of eluate 
fractions 6 to 9 (Table V, Fig. 1) were added 21.7 mg of 5a-an- 
drostane-3a-ol-17-one, m.p. 184-185° and 22.6 mg. of 58-andros- 
tane-3a-ol-17-one, m.p. 150-151°. The mixture was dissolved in 
1 ml of benzene and added to a column (10 X 230 mm) containing 
18.5 g of aluminum oxide (Merck, acid-washed) previously wetted 
with benzene. 


Eluate Eluent,  Eluent Eluate First crystallizate from 
fraction | benzene-ethanol —_ volume residue acetone-hexane 
ml mg mg | m.p. 
i 50 0.0 | | 
2 -99.9:0.1 50 0.0 | | 
3 99.8:0.2 50 0.0 | 
5 | 99.6:04 | 50 | 0.4 i | 
6d 99.5:0.5 | 82 | | 
7b 99:1 | 
s | 90:10 50 0.2 
9 | 0: 100 25 0.0 


Metabolism of A4-Androstene-3 ,17-dione-7-H? 


mye = 2220d.p.m. The detection efficiency was experimentally 
determined by use of a tritiated steroid of known radioactivity 
(disintegrations per minute (d.p.m.) or myc) in the toluene. 
phosphor system and observance of the counts per minute 
Ether-soluble samples (free radiometabolites) were dissolved jp 
5 ml of a toluene-phosphor solution containing 3.0 g of 2,5-4;. 
phenyloxazole and 0.3 g of 1,4-bis-2’(5’-phenyloxazoly1)-benzene 
per liter of toluene. (The phosphors were obtained from Pilot 
Chemicals, Inc., Watertown, Massachusetts.) The detection 
efficiency was 13%; voltage, 1140, tap 7; discriminating voltage, 
10 to 50. Butanol-soluble samples (conjugated radiometabolites) 
were dissolved in 5 ml of 95% ethanol and 5 ml of the above 
toluene-phosphor solution, and similarly counted; the detection 
efficiency was 3%. 

Reverse phase partition column chromatography was used to 
purify the 90% methanol fraction of the ether-soluble materia] 
(free radiometabolites) derived from plasma, ventral prostate, 
and liver. The procedures have been previously (5) described 
in detail. Columns (zr’, 0.78 cm?; height, 33 cm) containing 
10 g of siliconized Celite (density, 2.25) were used; the solvent sys- 
tem was toluene-70% methanol. The column was prepared with 
6 ml of toluene as stationary phase, and 0.6 ml of toluene was used 
to transfer the lipide material to the column. The performance 
of the column was predictable from the equations described by 
Carpenter and Hess (6). The partition coefficients (A) for the 
following steroids in this system are: testosterone, 1.6; 5e- 
androstane -3a@-ol-17-one, 4.0; 58-androstane -3a-ol-17-one, 
3.7; A4-androstene-3,17-dione, 8.1; 5a-androstane -3 , 17 -dione, 
16.5; and 5@-androstane-3 ,17-dione, 17.1. Thus, 5a- and 5§- 
androstane-3a-ol-17-one are not separable, nor are 5a- and 56- 
androstane-3 , 17-dione; the separation of 5a- and 5@-androstane- 
3a-ol-17-one was achieved, however, by chromatography on 
aluminum oxide (see Table 1). 

Isotope Dilution Analysis—The presence of radioactive 
testosterone, A4-androstene-3 , 17-dione, and 5a-androstane-3, 17- 
dione was ascertained after reverse phase partition chromatog- 
raphy of the ether-soluble material in the various tissue extracts, 
by adding about 20 mg of the respective radioinert steroid to an 
aliquot portion of the appropriate eluate fractions. The steroids 


were then reisolated by crystallizing four times from acetone-n-} 


hexane and determining the specific activity; the product was 
further purified by recrystallizing three times from the same 
solvent mixture, and the specific activity again determined. It 
was found to be constant, except in the analysis of the liver 


extracts for testosterone and 5a-androstane-3a-ol-17-one, in which } 
instance, however, these radiometabolites were present in only | 
minute proportions. The radioactivity attributable to a given | 
steroid was calculated by multiplying the specific activity of the 


reisolated compound by the amount of carrier steroid added. 

The identification and quantitative estimations of 5a- and 
5G-androstane-3a-ol-17-one in extracts of plasma and of the 
ventral prostate were similarly made after chromatography on 
aluminum oxide as described in Table I. 

From Fractions 6a, 6b, and 6c (Table I) were thus obtained 
16.8 mg of 5a-androstane-3a-ol-17-one, m.p. 185°, specific activ- 
ity, 0.420 muc permg. The sample was recrystallized three more 
times from acetone-n-hexane to furnish 8.5 mg; specific activity, 
0.397 muc per mg. Hence, (21.7 X 0.397 100) /14.9 or 57.7% 
of the radioactivity in eluate Fractions 6 to 9 (partition chroma- 
tography, Table V) could be attributed to 5a-androstane-de-0l- 
17-one. From Fractions 7a-7d (Table I) were similarly ob- 
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igined 14.2 mg of 53-androstane-3a-ol-17-one, m.p. 152°, specific 
activity, 0.0165 mue per mg. The sample was recrystallized 
three more times from acetone-n-hexane to furnish 9.8 mg; spe- 
cific activity, 0.0228 muec per mg. Hence, (22.6 x 0.0228 x 
100) /14.9 or 3.5% of the initial radioactivity could be attributed 
to 56-androstane-3a-ol-17-one. 


RESULTS 


The liver shows a high capacity not only to mobilize androgen 
fom the circulation but to metabolize and conjugate it as well. 
From Table II it appears that the concentration of radioactivity 
in the liver was at least 8 times that in the plasma. A4-Andro- 
stene-3 , 17-dione-7-H? and its radiometabolites were very quickly 
removed from the systemic circulation since, according to Table 
II, the turnover time of total extractable radiometabolites in 
plasma was only 0.21 minute in Experiment 1 and 0.17 minute 
in Experiment 2. The turnover time is the ratio of plasma 
radioactivity in the total circulation to the rate of infusion of 
radioactivity, under conditions of steady state. This follows 
irom the theoretical discussion by Siri (8) of an ideal experimental 
ituation in which there is a constant uptake rate of labeled 
molecules and an exponential elimination. According to Table 
IV, the ratio of free or unconjugated radiometabolites (ether- 
gluble fraction) to conjugated radiometabolites (ether-insoluble, 
butanol-soluble fraction) was 0.99 in the liver (Experiment 2) 
compared to a ratio similarly of 2.32 in systemic plasma (Experi- 
ment 1). Of the free radiometabolites present in the liver, only 
2% or less could be attributed to A4-androstene-3 , 17-dione 
aeording to Table V and Fig. 1; most of the free radioactivity 
rsided in a highly polar fraction (eluate Fractions 3 to 5), as yet 
unidentified. A minor radiometabolite, 5G-androstane-3a-ol-17- 
oe was identified in eluate Fractions 6 to 9; the ratio of 5a- 
to 58-androstane-3a-ol-17-one was less than 0.16. 


TABLE II 
Concentration of radioactivity in rat tissues 
In Experiment 1, 3.38 me of A4-androstene-3,17-dione-7-H# 
were intravenously infused at a constant rate over a period of 
In Experiment 2, 2.31 me of the hormone were 
imilarly infused in 140 minutes. Tissues were immediately 
thereafter removed and extracted successively with acetone and 


with methanol. 
: | Acetone extract | Methanol extract | Concentra- 
: Amount of tion of 
Tissue extracted | wet 
i ‘ i radioactiv- 
z Weight jty in tissue 
a ml or g pc mg pe mg uc/ml or g 
l | Plasma 4.0 1.91 | 12.2 |}<0.01 | 11.2 0.48 
Ventral 
prostate 0.520 0.371, 12.2 0.015; 11.4 0.74 
2 Plasma 3.5* 1.43 | 34.9) 0.026 6.5 0.416 
| Blood cells * 0.59 | 37.2 0.035) 14.0 
Ventral 
prostate | 0.386 | 0.25; 9.5) 0.001) 0.65 
| Musclet 0.771 0.23 | 14.1 0.001; 15.2 0.30 
Liver 6.90 21.1 '292 1.77 |138 3.32 


*The plasma and the red blood cells were derived from 7.1 ml 
of whole blood. 

tThigh muscle from the noninjected leg was removed for the 
inalysis. 
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TABLE III 


Turnover time of radiometabolites of \4-androstene-3,17- 
dione-7-H* in systemic plasma 

Turnover time under conditions of steady state was calculated 
from the equation, 7 = CV/r, where T is the turnover time, C 
the concentration of radioactivity in systemic plasma,* V the 
total volume of circulating plasma estimated from the body 
weight,f and r the constant rate of intravenous infusion of A4- 
androstene-3,17-dione-7-H’. Plasma _ radioactivity comprises 
A4-androstene-3, 17-dione-7-H’ and its metabolites in the plasma 
extract. 


Experiment No. | Cc | V | r | T 
| uc/ml | ml | uc/min min 

| 0-48 | 7-45 | 16.9 0.21 

2 (0.416 | 6.8 | 16.5 0.171 


* The plasma radioactivity had probably attained a maximal 
and constant level towards the end of the infusion period (200 
and 140 minutes in Experiments | and 2, respectively) since the 
calculated turnover time was extremely short compared to the 
period of infusion and did not vary appreciably with the length 
of the infusion periods in the two experiments. 

t There is per 100 g of body weight, an average of 4.3 ml of 
blood; and per 100 ml of blood, an average of 49 ml of red blood 
cells in adult male rats (7). 


TaBLeE IV 


Partitioning of certain tissue extracts into free and 
conjugated radiometabolite fractions 


The acetone extracts of plasma and ventral prostate (see Table 
II) were individually partitioned between ether and water. The 
residue from the ether extract was partitioned between petroleum 
ether and 90% methanol; the aqueous phase was extracted with 
butanol. The free or nonconjugated radiometabolites are pre- 
dominantly in the 90% methanol fraction; the conjugated radio- 
metabolites are in the butanol-soluble fraction. The acetone and 
methanol extracts of liver (see Table II) were combined and 
partitioned as above. 


Radioactivity in 
Ratio of free 
— Tissue extracted Ether-sol- | Water-sol- to conjugated 
: uble, 90% | uble, buta- | radioactivity 
methanol nol-soluble 
fraction fraction 
uc 
1 Plasma 1.32 | 0.57 4.40 
Ventral prostate 0.288 0.046 6.25* 
2 Liver 8.60 | 8.72 0.99 


* A somewhat lower figure, 4.74, would obtain if the small 
amount of radioactivity in the methanol extract (see Table II) 
was assumed to be comprised entirely of conjugated radiome- 
tabolites. 


The data suggest that there is in moderate degree a selective 


accumulation of androgen radiometabolites in a target sexual 
organ. Thus, according to Table II, the ratio of radioactivity in 


the ventral prostate to that in the systemic plasma was 1.54 in 
Experiment 1 and 1.56 in Experiment 2; this is in contrast to a 
ratio similarly of 0.72 for muscle to plasma, in Experiment 2. 

The plasma and ventral prostate contained four unconjugated 
radiometabolites of A4-androstene-3 ,17-dione-7-H? in addition 
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TABLE V 
Free radiometabolites in liver extracts 
Appropriate eluate fractions (see Fig. 1) obtained on reverse 
phase partition column chromatography of ether-soluble material 
derived from liver extracts were individually pooled, and in some 
instances analyzed by isotope dilution techniques. For details, 
see text. 


Radioactivity 
| 1n respective 
Total pooled eluate 


| tographed | isotope dilution 
| analysis to 
| | | steroid 
3-5 55.0 Testosterone* <1.2 
6-9 18.1  5a-Androstane-3a-ol- <4.1 
| 17-one 
| 58-Androstane- 3a-ol- 25.6 
| -17-one 
| dione) 
19-27 | ~3  (5a- and 58-Andros- 
|  tane-3,17-dione) 
“Stripping’ ~6 | 


* The virtual absence of testosterone was further demonstrated 
by subjecting an aliquot portion of eluate Fractions 3 to 5, with 
carrier testosterone added, to direct partition column chromatog- 
raphy with n-heptane-toluene (40:60)-80% methanol; the pres- 
ence of free radiometabolites more polar than testosterone was 
thereby revealed. 

+ The possible presence of these compounds was inferred from 
their partition coefficients in this solvent system; if indeed pres- 
ent, these would constitute only a very minor proportion of the 
total free radiometabolites. 
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Fic. 1. Reverse phase partition column chromatography of 
ether-soluble radiometabolites obtained from liver. Solvent sys- 
tem, toluene-70% methanol; 5 ml per eluate fraction. Radioac- 
tivity curves for Fractions 10 to 50 are represented on two differ- 
ent seales. For experimental details and the identification of 


radiometabolites, see text and Table V. 
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TABLE VI 


Identification and estimation of free radiometabolites 
in plasma and ventral prostate extracts 


Appropriate eluate fractions (see Fig. 2) obtained on reverse. | 
phase partition column chromatography of ether-soluble materia] | 
derived from extracts of plasma and of the ventral prostate were | 


individually pooled and analyzed by isotope dilution techniques, 
For details, see text. 


Radioactivity jn 


Total radio _| “Sune 
otal radio- elua i 
a activity chroma- attributable by 
tographed isotope dilution 
Steroid identified analysis to 
| steroid 
| Ventral Vent 
Plasma Plasma prostate| 
% | % 
3-6 3-5 | 34 | 14 | Testosterone 90 | 47 
9 6-9 31 23» »=5a-Androstane-3a- 14s 58 
| ol-17-one 
| | _58-Androstane-3a- 1.2 3.5 
| | ol-17-one | | 
11-17* | 10-15, 19 5.8 A4-Androstene-3,17- 111 | % 
| dione | | 
(19)f 18-29 21. 5a-Androstane-3,17- 71 
| dione | | 


* Pooled eluate Fractions 11 to 17 were further purified by 
reverse phase partition column chromatography, see Fig. 3, be- 
fore performing isotope dilution analysis. 

t The nature of the radiometabolites in this fraction was not 
ascertained; its partition coefficient does not correspond to that 
of 5a-androstane-3, 17-dione. 
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ELUATE FRACTION NUMBER 
Fig. 2. Reverse phase partition column chromatography of 


ether-soluble radiometabolites obtained from systemic plasma | 
and the ventral prostate. Solvent system, toluene-70% meth-| 
anol; 5 ml per eluate fraction. For experimental details and | 


the identification of radiometabolites, see text and Table VI. 


to the hormone itself (see Table VI and Fig. 2), namely, testos- 
terone, 5a- and 56-androstane-3a-ol-17-one, and 5a-androstane- 
3,17-dione. The ratio of 5a-to 5G-androstane-3a-ol-17-one was 
16.6 in the ventral prostate and 11.7 in plasma (but less than 0.16 
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Fig. 3. Reverse phase partition column chromatography of 
plasma ether-soluble radiometabolites in pooled eluate Frac- 
tions 11 to 17 (see Table VI) with 1.0 mg of A4-androstene-3,- 
17-dione added. Solvent system, toluene-70% methanol; 2 ml 
per eluate fraction. Optical density determined in 5 ml of eth- 
anol per fraction. 


in liver, see above). ‘This is of some physiological interest since 
5a-androstane-3a-ol-17-one is a highly potent androgen, whereas 
the 56-epimer is totally devoid of androgenic activity. The 
pattern of free radiometabolites in the ventral prostate was not 
markedly different from that in systemic plasma and so the data 
do not shed light on the question as to whether the radiometabo- 
lites entering the ventral prostate tissue from the circulating 
plasma undergo metabolism in that sexual organ; however, not 
all the free radioactivity present in the plasma and ventral 
prostate extracts could be identified. On the other hand, the 
ratio of free to conjugated radioactivity was appreciably higher 
in the ventral prostate than in plasma (Table IV); possibly, the 
conjugated radiometabolites in the plasma enter prostatic tissue 
less freely than do the free radiometabolites, or that extensive 
hydrolysis of conjugated radiometabolites takes place in this 
target organ. These results are in general agreement with those 
reported by Greer (3), with respect to the relative levels of 
radioactivity in the ventral prostate, muscle, and blood in rats 
given injections of testosterone-4-C™ but at variance with those 
of —— and Samuels (4), who found in similar experiments the 
concentration of radioactivity in the ventral prostate and blood 
to be the same, testosterone the major androgen in blood (and 
in muscle), and A4-androstene-3,17-dione the only radioactive 
androgen identifiable in the ventral prostate. 


DISCUSSION 


The concept of turnover time of steroid sex hormones may be a 
particularly useful one since, as the senior author (9) has pointed 
out, it defines the quantitative relationship between the amount 
of hormone which the organism produces and the amount which 
arculates in the blood stream; as the response of the target sexual 
organs is dependent on the plasma hormone concentration, it is 
important to understand not only the factors controlling the 
endogenous hormone secretion rate, but also those factors 
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modifying its turnover time in the plasma pool under various 
physiological conditions. 

The finding that the turnover time of radiometabolites of 
A4-androstene-3,17-dione-7-H* in the plasma circulation is 
extremely short (Table III) was anticipated in some measure by 
the work of other investigators recently reviewed by the senior 
author (9). Pioneer studies in 1950 by Haskins (10) and in 1951 
by West (11) established the fact that testosterone injected 
intravenously into experimental animals disappears very rapidly 
from the circulation; hepatectomy did not influence markedly 
the disappearance rate. West et al. (12, 13) found that the rate 
of disappearance of testosterone in patients with liver disease 
(cirrhosis) did not appear to differ significantly from that in nor- 
mal subjects; however, the blood level of 17-ketosteroids which 
were formed remained high in the cirrhotic patients. Sandberg 
and Slaunwhite (14) gave testosterone-4-C™ intravenously to 
human subjects; unconjugated radiometabolites were rapidly 
cleared from the plasma; radioactive androsterone, isoandros- 
terone, etiocholanolone, and testosterone were subsequently (15) 
isolated from pooled unconjugated and hydrolyzed plasma frac- 
tions. C-labeled androsterone and etiocholanolone were in 
turn injected intravenously by these authors (16); the uncon- 
jugated plasma radiometabolites were rapidly cleared from the 
circulation; and, the level of the plasma glucuronide fraction was 
about 10 times higher than the unconjugated fraction. Endog- 
enous 17-ketosteroids in human plasma have been identified by 
Migeon and Plager (17, 18) and by others (19, 20); dehydro- 
epiandrosterone, androsterone, and etiocholanolone are present 
as sulfates, but Oertel and Eik-Nes (21, 22) have presented evi- 
dence that dehydroepiandrosterone may also be present as a 
phosphoric acid conjugate. 

It is not known whether the turnover time varies appreciably 
with the endogenous secretion rate, and, in the experiments 
described here, the amount by weight of radioactive androgen 
infused undoubtedly exceeded the amount of endogenous hor- 
mone normally secreted during the same period of time. None- 
theless, the molecular level of androgen radiometabolites in 
plasma and in the ventral prostate of the rat was apparently very 
low; an even lower level of endogenous androgens probably ob- 
tains under normal physiological conditions. For example, 
from the experimental data one may calculate the concentration 
of total extractable radiometabolites to be 0.44 x 10-° m in 
plasma and 0.676 x 10-6 m in the ventral prostate if one neglects 
the solid content of these tissues and assumes the average molec- 
ular weight of the various radiometabolites to be 286, 7.e. the 
molecular weight of A4-androstene-3 ,17-dione; the calculations 
are based on the ratio of the radioactivity concentration in the 
respective tissues given in Table II to the specific activity of the 
A4-androstene-3 , 17-dione-7-H* administered. However, the 
concentration of endogenous androgen in the ventral prostate of 
intact adult male rats may actually be 10-7 m or lower, because 
the rate of infusion of A4-androstene-3 ,17-dione-7-H* was 0.5 
mg per hour, whereas the requirement of androgen in rats has 
been estimated to be 0.1 mg of testosterone per day (23). 

It follows from this discussion that in the carrying out of me- 
tabolism studies in vitro, for example, with surviving slices of 
prostatic tissue, a substrate concentration of androgen in the 
incubation medium might be regarded to be in the physiological 
range at 10-* om or less. Such studies may provide a more de- 
finitive insight into the precise role of target sexual tissue in 
metabolizing androgen than that obtained in the present study 
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which reveals, however, a distinctive pattern of metabolites in 
the ventral prostate. That this organ may participate in a 
selective process is suggested by the finding that the ratio of 
radioactivity in the ventral prostate to that in skeletal muscle was 
2.16 (Table II, Experiment 2) in general agreement with an aver- 
age ratio of 2.46 (range, 1.32 to 3.18) found similarly by Greer 
(3), although the two studies differ widely in experimental design. 
In view of a recent preliminary report by Baron et al. (24) that 
androsterone added in catalytic amounts to homogenates of rat 
and human prostatic tissue doubles the activity of the pyridine 
nucleotide transhydrogenase present in this organ, the isolation 
of tritium-labeled androsterone (and other androgens) from the 
ventral prostate gains in significance. 

Studies in vitro on the role of prostatic tissue in androgen 
metabolism have been largely negative. Thus, Samuels e¢ al. 
(25) recovered 97 °% of the testosterone which had been incubated 
with minced prostatic tissue of the rat. Kochakian et al. (26) 
reported that homogenates of guinea pig prostate showed prac- 
tically no ability to oxidize any of the 10 Cy -hydroxysteroids 
tested, including testosterone. Rather surprising, therefore, 
was the report by Wotiz and Lemon (27) that as much as 2 mg of 
testosterone were metabolized in 3 hours by 0.1 g (dry weight) of 
human prostatic tissue slices (benign hyperplastic); similar or 
even higher rates of metabolism were observed in prostatic 
carcinoma (28). Rapid and extensive breakdown of testosterone 
occurred but the metabolites have not been identified except that 
some A4-androstene-3,17-dione was detectable (26, 27). Re- 
cently, in a similar study, Wotiz et al. (29) found evidence for the 
formation of a water-soluble conjugate of testosterone-4-C", 
possibly a glucuronide; the yield of this compound was only about 
0.09%. Ofner et al. (30) tentatively identified Al-androstene- 
178-ol-3-one as one of the products resulting from the incubation 
of testosterone-4-C™ with human prostatic tissue. 7 

The high concentration of radioactivity in the liver (Table IT) 
may be regarded as an index of the intense activity of this organ 
in metabolizing androgen and in excreting the hormonal metabo- 
lites into the bile. The fact that the pattern of hormonal radio- 
metabolites in liver (Table V) differs so markedly from that in 
systemic plasma (Table VI) suggests also that metabolites in the 
liver pool do not freely enter the plasma pool or perhaps are more 
rapidly eliminated into the bile. The latter property may be 
peculiar to the rat since Barry et al. (1) found that most of the 
radioactivity in rats given injections of testosterone-4-C™“ was 
eliminated in the bile and very little in the urine, whereas in man 
the opposite results are obtained (14). 

Apparently androgen metabolites have not hitherto 
been isolated from the liver in metabolism experiments in 
vivo. Inthe present study it was shown that of the free metab- 
olites of A4-androstene-3,17-dione-7-H* present in liver, the 
majority are highly polar and are as yet unidentified; of the less 
polar radiometabolites present, 58-androstane-3a-ol-17-one was 
found to be a quantitatively important constituent. Inasmuch 
as studies in vitro on liver (for a recent review see Dorfman (31)) 
have clearly demonstrated that testosterone or A4-androstene- 
3,17-dione undergoes reduction of the 4,5 double bond, oxida- 
tion or reduction of the oxygen group at C,7, and oxygenation at 
Co, Cs, and Cy, to furnish C,;.03 compounds, it may be that the 
aforementioned highly polar fraction contains C1903 compounds 
and possibly also saturated 3,17-diols in the C,,O2 series. Ofner 


(32) reported that incubation of testosterone-4-C™ with rat liver 
mince led to the formation predominantly of unidentified polar 
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ketosteroids which did not include androsterone, 58-androstane. 
3a-ol-17-one or residual testosterone; at least 20% of the sub. 
strate had been converted into A4-androstene-3,17-dione, As 
to the nature of the conjugated tritiated radiometabolites jp 
liver obtained in the present study: it is known from experiments 
in vitro (33-35) that the liver readily conjugates various andro. 
genic compounds with sulfuric acid; also, a product with the 
properties of testosterone glucuronide is formed on incubating 
surviving liver slices with testosterone (36). 

The presence of androgen radiometabolites in nonsexual tissye 
such as muscle (Table ITI) is not without significance in view of 
the stimulatory effect of androgens on protein metabolism, 
especially since this effect is probably a direct one and is not 
mediated through the anterior pituitary, the adrenals, or the 
testes (37); the increase in body weight after androgen stimula. 
tion is due to the fabrication of more protein in the carcass 
(muscle) primarily but to some extent this process occurs in the 
liver, the kidney, and especially in the accessory sex organs. 


SUMMARY 


A4-Androstene-3 , 17-dione-7-H® of exceptionally high specific 
activity was infused intravenously at a constant rate into two 
adult rats over a prolonged period of time. The concentration of 
radioactivity in the systemic plasma, ventral prostate, muscle, 
and liver under conditions approximating the steady state was 
determined. The turnover time of radioactivity in the systemic 
plasma was calculated, and the patterns of the hormonal radio- 
metabolites in systemic plasma, ventral prostate, and liver were 
compared. 

The results indicate that the androgenic hormone administered 


was very rapidly metabolized and removed from the circulation. | 


The concentration of radioactivity in the liver was much higher 
than that in plasma, and the pattern of radiometabolites in liver 
differed widely from that in the circulation. It appears that the 
liver in the rat plays an important role in metabolizing, con- 
jugating, and eliminating androgen into the bile. ' 

The free or unconjugated radioactive products which were 
isolated from the plasma and the ventral prostate, and quantita- 
tively estimated, included testosterone, 5a- and 5@-androstane- 


3a-o0l-17-one, A4-androstene-3,17-dione, and 5a-androstane- | 
The pattern of radiometabolites in the ventral | 
prostate resembled that in the plasma but the concentration of | 


3, 17-dione. 


radioactivity in that sexual organ was significantly higher than 
that in plasma or muscle, suggestive of a selective process in 
operation in the prostate. The concentration of steroidal radio- 


metabolites in systemic plasma and in the ventral prostate was | 
calculated to be of the order of 10-* mM; the concentration of | 
endogenous androgen in the ventral prostate may be considerably | 
The significance of these findings with respect to biochem- | 


less. 
ical mechanisms underlying the biological actions of androgen 
was indicated. 


The free radiometabolites in liver were predominantly highly | 
polar and were not identified; of the less polar radiometabolites : 
present, 53-androstane-3a-ol-17-one was isolated and quantita- 


tively estimated. The nature of the conjugated radiometabolites 
in the liver and other tissues was not explored; the ratio of con- 
jugated to free radioactivity was highest in the liver. 
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Chemical Derivatives of q-Chymotrypsinogen 


IV. A COMPARISON OF THE REACTIONS OF a-CHYMOTRYPSINOGEN AND OF SIMPLE CARBOXYLIc 
ACIDS WITH DIAZOACETAMIDE* 


MARILYNN DoscHERT AND E. Witcox 


From the Department of Biochemistry, University of Washington, Seattle 5, Washington 


(Received for publication, October 3, 1960) 


The reactions of a-chymotrypsinogen with carbon disulfide, 
O-methylisourea, and N-acetyl-pLt-homocysteine thiolactone 
have been described in previous reports from this laboratory 
(1-3). The present paper of the series is concerned with the 
reaction of this protein with diazoacetamide. 

Some years ago, one of the authors (4) reported on the proper- 
ties of methyl diazoacetate and diazoacetamide as specific rea- 
gents for the esterification of carboxyl groups in proteins. At 
that time a survey was made of reagents which would esterify 
carboxyl groups under mild conditions in aqueous solution. It 
appeared that aliphatic diazo compounds possessed the most 
desirable characteristics. The classical reagent, diazomethane, 
has been used for the esterification of proteins, but owing either 
to the high reactivity of this compound or to the conditions under 


which it must be used, alkylation of amino groups and phenolic | 


hydroxyl groups has also occurred (5). Substitution at the 
carbon atom of diazomethane with an electropositive group 
greatly reduces its reactivity. If the rate of reaction with hydro- 
gen ion at various pH values is taken as an index, it may be ob- 
served that several hours are required for diazomethanedisulfonic 
acid to decompose in water at pH 3.5, whereas esters and the 
amide of diazoacetic acid decompose slowly around pH 5. The 
diazoacetate ion reacts slowly at pH 10.5, and diazomethane it- 
self is destroyed rapidly even at pH 11. 

The early experiments with human serum albumin demon- 
strated that up to 20% of the carboxyl groups in the protein 
molecule could be esterified with diazoacetamide at pH 5.8 when 
the mole ratio of reagent to protein was 300 to 1. Esterification 
proceeded only very slowly beyond 20%; at the time, no expla- 
nation of partial reaction was apparent. The reagent appeared 
promising, however, because several lines of evidence indicated 
that the only groups in the protein which reacted were the car- 
boxyl groups and the sulfhydryl group. The latter group was 
protected reversibly by blocking with a stoichiometric amount of 
methylmercury. 


* The material presented in this paper is taken in part from the 
thesis of Marilynn 8S. Doscher which was submitted in partial 
fulfillment of the requirements for the degree of Doctor of Philoso- 
phy, University of Washington, Seattle, 1959. 

This investigation was carried out with the support of the Na- 
tional Institutes of Health, United States Public Health Serv- 
ice (Grant H-3037) and the state of Washington (Initiative 171 
Fund for Research in Biology and Medicine). One of the au- 


thors (M. 8. D.) was a recipient of the Eli Lilly and Company 
Award in the Department of Biochemistry, University of Washing- 
ton, during part of the investigation. 

+ Present address, Department of Biochemistry, Yale Univers- 


ity, New Haven, Connecticut. 


Although diazoacetamide may be synthesized only in low 
yields, its high water solubility and crystallinity are of sufficient 
importance to make it a more desirable reagent than the diazoace- 
tic esters. 

As part of the present study, the rate of reaction of diazoacet- 
amide with hydrogen ion has been measured and the relative rates 


of reaction of the resulting intermediate compound with water © 
and with various simple carboxylic acids have been estimated, 


Data on the esterification of a-chymotrypsinogen have been 
interpreted in the light of the results obtained with the simple 
compounds. We were particularly interested in the extent to 
which the rate of esterification by diazoacetamide was affected 
by the character of the carboxyl group and its degree of ioniza- 
tion. 

The esterified protein has been characterized by chemical 
analysis, by physical measurements, and by activation with 
trypsin followed by assays for enzyme activity. As was reported 
in the previous paper of the series (3), chromatography of the 


reaction products on columns of carboxymethyl cellulose (CM- — 
cellulose) has been of great value in elucidating the course of the — 


reaction and in characterizing the products. 
EXPERIMENTAL PROCEDURE 
Materials 


Bovine a-Chymotrypsinogen—Bovine a-chymotrypsinogen was 
purchased from Wilson Laboratories in the form of first crystals. 
This material, which had an esterase activity corresponding to 
0.5% chymotrypsin, was recrystallized by the method of Nor- 
throp and Kunitz (6). Before formation of the second crystals, 


the solution of first crystals was adjusted to pH 7.8, and0.2mlof  , 


diisopropylphosphorofluoridate per gram of crystal cake was 
added. After the solution had stood at 5° for 1 hour, the pH was 
lowered to 3.2 and the protein was crystallized by the method 
referred to above. A second recrystallization was carried out in 


the same manner. When the third crystals were examined by | 
electrophoresis at pH 4.97 (sodium acetate, ionic strength 0.1, — 
6-hour run) (7), all but a few per cent of the protein migrated as 


a single component. Chromatography of this material on CM- 
cellulose at pH 4.90 (0.07 m sodium citrate, no gradient)! revealed 


the same degree of homogeneity. ; 
Trypsin—Trypsin was purchased from Worthington Bio- 


1 A report concerning the determination of the homogeneity of 
a-chymotrypsinogen by chromatography on CM-cellulose 


appear elsewhere. 
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chemical Corporation as the twice crystallized material contain- 
ing 50% MgSO,. 

Diazoacetamide—Diazoacetamide was synthesized by ammo- 
nolysis of methyl! diazoacetate. A suspension of 35 g of methyl 
diagoaeetate in 350 ml of 15 wm NH,OH was placed in a constant 
temperature bath at 40° and stirred until the ester had dissolved. 
The solution was then allowed to stand at 40° for 2 weeks. The 
orange-colored solution was cooled to room temperature, and 
unreacted ester was exhaustively extracted with ether. Ammo- 
nia was removed from the aqueous layer in an all glass rotary 
evaporator at 10 mm Hg and 20°, and the solution was lyo- 
philized. It was essential that most of the ammonia be removed 
before lyophilization in order to avoid melting. The residue, a 
brittle, orange solid, was cooled to 5°, lightly ground in a cold 
mortar, and suspended in 300 ml of cold dry acetone at 5°. After 
being stirred for 5 minutes, the mixture was filtered. The orange 
hygroscopic solid was re-extracted with 200 ml of fresh acetone. 
To the combined acetone extracts were added 500 ml of cold dry 
petroleum ether. Crystallization of diazoacetamide began 
within 15 minutes. A second 500-m1 portion of petroleum ether 
was added and the mixture was allowed to stand overnight at 
-18° before filtering. The yield of yellow crystals was 2.8 to 
4.7 g (8 to 14%); the melting point (decomposition), 116.5-117.5° 
(uncorrected) (literature, 112-114° (8)). The crystals were 
stored at 5° for many months without noticeable decomposition. 
Attempts to detonate small samples of the material failed. 
Nevertheless, the known explosive behavior of diazomethane 
and diazoacetic esters in the liquid and gaseous state should be 
kept in mind when handling diazoacetamide. 

It was not possible to obtain diazoacetamide by the procedure 
of Curtius et al. (9). 

Ultraviolet absorption measurements of aqueous solutions of 
diazoacetamide revealed a strong maximum at 250 mu (ay = 
17.8 X 10°) and a minimum at 222 mu. Solutions at a concen- 


tration of about 10-4 m showed negligible absorption at 280 
mp and above. 


More concentrated solutions were found to 


_ have a broad, weak absorption band centered at 375 my (ay = 


Methyl Diazoacetate—Methyl diazoacetate was synthesized 
in 65 to 75% yield by the diazotization of glycine methyl] ester 
hydrochloride (10). The material obtained by concentrating 
the methylene chloride layer of the reaction mixture was used 
for the preparation of diazoacetamide without further purifica- 
tion. Glycine methyl ester hydrochloride was synthesized from 
glycine in 84 to 86% yield by the method of Fischer (11). 

Carborymethyl Cellulose—CM-cellulose was prepared from 
standard grade Whatman cellulose powder. This powder was 
twice carboxymethylated according to the method of Ellis and 
Simpson (3, 12). The product contained 0.88 m.eq. of acid per 
gram. 

Dower 2-X10 Ion Exchange Resin—This Dowex resin, 200 to 


400 mesh, was purchased from the Dow Chemical Company, 
Midland, Michigan. Before use, the resin was twice cycled 
_ with nw NaOH and wn HCl. 
_ hour was decanted and discarded. 


Fine material not settling after 1 


Chromotropic Acid (4,5-Dihydroxy-2 ,7-napthalenedisulfonic 
Acid, Sodium Salt)—Chromotropic acid practical grade, was 
purchased from Eastman Organic Chemicals. It was used 


Without further purification. All other chemicals were purchased 
_ ‘ommercially and were either further purified or used directly, 


whichever was appropriate for the particular use. 
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Methods 


Reaction of Diazoacetamide with Water—Diazoacetamide 
decomposes in water to give glycolamide and nitrogen: 


O O 
é 
N.CH —NH,. + H.O — HOCH, —NH, + N2T 


The rate of this reaction was measured at a series of pH 
values by following the decrease in absorbancy at 250 my of 
solutions of diazoacetamide in 0.05 m KClO,y. A potassium 
perchlorate solution was used rather than distilled water to 
insure sufficient ionic strength for accurate pH measurements. 
All reactions were carried out at 20.0° + 0.1° in a 35-ml thermo- 
stated reaction vessel of the type described by Dixon and Wade 
(13). After temperature equilibration had been achieved, the 
pH of the solution was adjusted to the desired value with 0.1 
M perchloric acid. 7 

At zero time, 1.0 ml of a solution of 12 mg of diazoacetamide 
in distilled water was pipetted into 30 ml of the potassium 
perchlorate solution. Samples of 100 ul were removed at ap- 
propriate times and diluted to 5.0 ml with 0.01 m Tris buffer, 
pH 8.9. The pH of these diluted solutions was sufficiently high 
to prevent any further decomposition of the diazoacetamide. 
The concentration of diazoacetamide was determined directly on 
these solutions by measuring their absorbancy at 250 my in a 
Beckman model DU spectrophotometer. 

Reaction of Diazoacetamide with Carborylic Acids in Aqueous 
Solution—The reaction of diazoacetamide with a carboxyl 
group results in the esterification of that group with a glycolamide 
residue: 


O O O O 
+ RU—O- + H*— RC—OCH,¢_NH, + Nef 


The rate of this reaction was determined for a series of car- 
boxylic acids (see Table I) by measuring the consumption of 
hydrogen ions in a recording pH-stat of the type described by 
Neilands and Cannon (14). Since in some cases the carboxylic 
acid was partially undissociated, all solutions were made up in 
0.05 m potassium perchlorate to obtain essentially constant ionic 
strength throughout the measurements. ‘The rate of decomposi- 
tion of ethyl diazoacetate shows a significant primary salt effect 
(15); it was assumed that the decomposition of the amide would 
also be affected by salt. After 31.0 ml of a 0.01 m solution of 
the carboxylic acid in 0.05 m KCIO, had equilibrated to 20.0° 
in the thermostated, paddle-wheel reaction vessel (13), the pH 
was raised to the desired value with 10 m KOH. A 200- to 
250-mg portion of solid diazoacetamide was added and dissolved 
within 30 seconds. The pH of the reaction was maintained at 
a constant level by the addition of 0.1 to 0.2 m perchloric acid 
from the pH-stat syringe. The rate of addition of acid was 
calculated from the pH-stat recording. The rate of decomposi- 
tion of the diazoacetamide was measured by removing 50-ul 
aliquots at appropriate time intervals, diluting them 2000-fold 
with 0.01 m Tris buffer, pH 8.9, and reading their absorbancy 
at 250 my in a Beckman model DU spectrophotometer. 

Reaction of Diazoacetamide with a-Chymotrypsinogen—A 15% 
solution of lyophilized, salt-free chymotrypsinogen in distilled 
water was adjusted to pH 7.5, and the protein was treated with 
a 0.1 M solution of diisopropylphosphorofluoridate in isopropanol. 
The amount of diisopropylphosphorofluoridate was 50-fold 
molar excess over an arbitrarily assigned chymotrypsin content 
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of 0.1%%.2 After 2 hours at 5° the solution was adjusted to pH 
3.7 and was dialyzed overnight against distilled water. Because 
diazoacetamide reacts with anions, it was desirable to have the 
protein solution as free from salt as possible. The solution was 
clarified by centrifugation and the protein concentration adjusted 
to 10% with distilled water. Protein concentration was de- 
termined routinely by measurements of absorbancy at 282 my 
(a, = 20.0, 1% solution) (16). 

Reaction of the protein with diazoacetamide was carried out 
at 9° in a jacketed beaker under control of a pH-stat (14). An 
amount of diazoacetamide not exceeding 100 mg per ml of pro- 
tein solution was added. If a larger amount of reagent was to 
be used, a second portion was added after 24 hours. This 
procedure plus the addition of a drop of capryl alcohol prevented 
the formation of an excessive amount of foam. The solution 
was maintained at pH 5.5 by the addition of 1 m perchloric acid. 
After 90 to 95% of the reagent had decomposed (24 to 48 hours), 
the protein was exhaustively dialyzed against 0.001 m KH2PQ,, 
pH 5.2, and lyophilized. 

Determination of Glycolamide Residues in Protein Derivatives— 
A 20 to 50-mg sample of lyophilized protein was dissolved in 2.3 
ml of 0.05 m sodium carbonate buffer and the solution was 
adjusted to pH 10.2 with 5 n NH,OH. Protein concentration 
was determined from the absorbancy at 282 my of a diluted 
aliquot. After the solution had stood at 5° for 24 hours, protein 
was removed from a 1.0-ml aliquot by treatment with 0.50 ml 
of 10% trichloroacetic acid, followed by centrifugation at 5000 
x g for 30 minutes. An equal volume of concentrated HSO, 
was added to an aliquot of the supernatant solution and the 
resulting solution was hydrolyzed in a stoppered flask at 75-80° 
for 18 hours.* A standard glycolamide solution in 50% HSO, 
was routinely hydrolyzed at the same time.‘ 

Glycolic acid was determined in triplicate samples of the 
hydrolyzed solutions (17, 18). A 0.20-ml aliquot, containing 
from 5 to 20 ug of glycolic acid, was placed in a 10-m1 volumetric 
flask, and 0.5 ml of a 10% aqueous solution of chromotropic 
acid was added, followed by 5.0 ml of concentrated sulfuric 
acid. After 1 hour in a boiling water bath, the cooled solution 
was made up to 10.0 ml with distilled water. The absorbancy 
at 570 my was read in a Beckman model B spectrophotometer.® 
Beer’s law was followed over the concentration range used. 

Chromatography on Columns of CM-Cellulose—The number 
and relative proportions of the components present in the pro- 
tein derivatives were detected by chromatography on columns 
of CM-cellulose. For this purpose a 0.9- X 50-cm column and 
20 to 30 mg of protein were used. The lyophilized protein was 
dissolved in 2.2 ml of 0.10 m potassium phosphate buffer, pH 


2 Since the protein had been purified in the presence of diiso- 
propylphosphorofluoridate, it initially had no detectable chymo- 
tryptic activity. It has been observed in this department, how- 
ever, that even when the lyophilized protein was stored at —18°, 
the chymotryptic activity slowly increased (Dr. E. S. Awad, 
personal communication). 

3 Routinely, the sensitivity of the method was increased by 
concentrating a 1.00-m] aliquot of the supernatant solution to 
slightly less than 0.5 ml, adding 0.5 ml of concentrated H.SO,, 
and making up the cooled solution to 1.00 ml with distilled water. 

4Standard solutions hydrolyzed under these conditions gave 
the color yield expected for 97 to 98% hydrolysis to glycolic acid. 

5 Controls of the above procedure using unmodified chymotryp- 
sinogen consistently gave an absorbancy of 0.004 to 0.006 at 570 
my when analyzed for glycolic acid. A correction of —0.005 was 
therefore routinely used in analyses of modified protein. 
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6.07, and the solution was treated with 10 ul of 0.1 N diisopropyl. 
phosphorofluoridate. After standing for 2 hours at 5° the goly. 
tion was dialyzed overnight against 1 liter of the buffer. The 
dialyzed solution (2 ml) was placed on a column which had beep 
equilibrated with the buffer. Elution was effected with a nop. 
linear gradient of phosphate buffer (see legend to Fig. 2) at 
flow rate of 2 to 3 ml per hour. 

Fractionation of the modified protein on a preparative scale 
was achieved by chromatography on a 2- X 50-cm column, 
Conditions were identical to those used for the smaller column 
except that the scale was 5 times larger. Up to 600 mg of modi. 
fied protein were fractionated on a column of this size. The 
recovery of protein in all cases was 95 to 100%. 

Removal of CM-Cellulose from Fractions Isolated by Chroma. 
tography—The effluent solutions from columns of the 
cellulose used in the present work (0.88 m.eq. of acid per gram 
of dry material) were found to contain 25 to 30 mg of CM. 
cellulose per liter. Since this material gave a positive color 
reaction in the analysis for glycolic acid and was not removed 
by dialysis of the chromatographic fractions, the following pro. 
cedure was developed for its removal before the analysis of the 
protein. The effluent fractions, containing 30 to 150 mg of 
protein, were lyophilized, dissolved in a minimal amount of 
water, and dialyzed extensively against 0.001 m KH2PO,, pH 
5.2. This procedure was followed by dialysis against 2 liters of 
0.0001 Mm acetic acid, pH 4.4. The dialyzed solutions were 


clarified by centrifugation and passed through 0.9- X 10-cm ecol- | 
umns of Dowex 2(Cl-) at a rate of 1 ml per minute under a — 
nitrogen pressure of 10 pounds per sq. in.* The effluent protein | 
solutions were lyophilized. | 

Activation of Protein Derivatives—Protein derivatives were — 
subjected to rapid tryptic activation by a procedure similar to — 
The concentrations of © 


that of Bettelheim and Neurath (20). 


zymogen and trypsin were 14 mg per ml and 0.7 mg per ml, | 


respectively. The activation solutions contained 0.1 Tris 
buffer, pH 7.8, and 0.05 mM CaCl. Esterase activity toward 
acetyl-L-tyrosine ethyl ester was determined by the potentio- | 
metric method with a pH-stat (21). 

Saponification of Ester Bonds in Modified Protein—A 15-mg 
sample of protein containing 3.6 moles of glycolamide per mole 
of protein (Fraction D from chromatography on CM-cellulose) 
was dissolved in 15 ml of 0.05 m sodium carbonate buffer to give 
a solution of pH 10.2. The solution was held at 5° for 24 hours, 
dilute HCl was added to give a final pH of 3.1, and the protein © 
was dialyzed against 0.001 m HCl and lyophilized. 

Amino Acid Analysis—A sample of modified protein contain- 
ing 3.5 moles of glycolamide per mole of protein was freed of 
salts by dialysis against 0.001 m HCl and lyophilized. A 30-mg_ 
portion of the dry material was hydrolyzed in 4.0 ml of constant 
boiling HCl at 110° for 22 hours in an evacuated sealed tube. A 
sample of salt-free, unmodified chymotrypsinogen was hydrolyzed _ 
under the same conditions for 16 hours. Quantitative amino 
acid analysis was performed by the method of Moore, Spackman, | 
and Stein (22) with the automatic recording equipment described , 
by them (23). 


6 The adsorption of CM-cellulose by Dowex 2(CI-) was tested | 
as follows. A solution of 6 mg of CM-cellulose in 250 ml of 0.0001 | 
M acetic acid was passed over a 0.9- X 10-cm column of the resiD. - 
The effluent solution, which was analyzed with an anthrone-sul- 
furic acid reagent (19) sensitive to CM-cellulose in concentrations | 
down to 0.5 mg per liter, contained no detectable CM-cellulose. — 
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RESULTS 


Reaction of Diazoacetamide with Water—Bredig and Fraenkel 
(24) have shown that the rate of reaction of ethyl diazoacetate 
with water is first order with respect to the concentration of the 
diago compound and with respect to hydrogen ion concentration. 
In the present work the same dependence of the reaction rate 
was found for diazoacetamide. The data on decomposition of 
diazoacetamide at constant pH values of 5.16, 5.42, and 5.81 
gave linear plots of log ao/a, against time, where ao is the initial 
absorbancy at 250 my and a, is the absorbancy at a given time, 
Pseudo first order rate constants were obtained from the 
slopes of these plots. The second order rate constant, ko, was 
calculated by dividing each pseudo first order constant by the 
hydrogen ion concentration at which it was obtained. The 
average value for 18 determinations was 23.0 + 1.8 M™ sec". 
From this value a half-life of 158 minutes for diazoacetamide in 
0.05 m KCl1O, at pH 5.5 and 20.0° may be calculated. 

Huisgen (25) has proposed a mechanism to explain the first 
order dependence of the rate of reaction of aliphatic diazo com- 
pounds upon hydrogen ion concentration. An electrophilic 
attack by a proton on the carbon attached to the diazo group 
results in the formation of a positively charged intermediate. It 
ig not known whether this intermediate reacts directly with a 
water molecule or whether expulsion of the diazo group as a 
nitrogen molecule results in the formation of a primary carbonium 
ion which then reacts with the water. No net uptake of hy- 


drogen ions occurs, since reaction of the protonated intermediate 


with a water molecule produces a hydrogen ion. 
Reaction of Diazoacetamide with Dissociated Carborylic Acids 


- in Aqueous Solution— Fraenkel (26) found in their studies with 
ethyl diazoacetate that the ester reacted with anions as well as 


with water. For example, in sodium chloride solutions, ethyl 
chloroacetate was formed. Of the anions studied, the halides 
were the most reactive, nitrate and sulfate slightly reactive, 
and picrate and perchlorate unreactive. Salts of carboxylic 
acids were not investigated. 

The extent of reaction of diazoacetamide with a carboxylate 
anion in aqueous solution will depend upon the relative rates of 
esterification (k,) and reaction with water (kz), as depicted in 
the equations below: 


ko 
H+ + A <— [BH*] (1) 
+ —> BHC (2) 
[BH*] + HO —2+ BHOH + H+ (3) 


iswhich A represents diazoacetamide; BH*+, the protonated inter- 
mediate; C-, the carboxylate compound; and ko, k,, and kz the 
specific rate constants for the respective reactions. 

In order to compare the reactivities of different carboxylic 
acids, the ratio k, /k2 for each acid was calculated from the experi- 
mental data by the application of equation (9), derived as follows: 


dA dH.O 
(4) 
dA 
kofH*] [A] (5) 


dC 
ki(C-] (BH*] (6) 
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= [BH] (7) 


k{H*](A] = + k.[H.0] (BH*] (8) 


Let v be the initial velocity of esterification (—dC/dt at t = 0), 
divide Equation 8 by Equation 6, and rearrange to give: 


v{H.0] 
(C-](kolH*] [A] — v) 


The validity of Equation 9 was supported by the experimental 
observations that the equilibrium, A + H+ = [BH*], was es- 
tablished rapidly (see also (27)), and that in addition, the de- 
composition of diazoacetamide was strictly first order with 
respect to hydrogen ion concentration over the range pH 4.9 to 
5.8 so that [BH+] < < [A]. 

All terms on the right side of Equation 9 were known or 
experimentally measured. In particular, » was equal to the 
initial rate of addition of HClO, required to maintain a constant 
pH, provided the carboxylic acid was completely dissociated. 
If the carboxyl group was not completely dissociated, it was 
necessary to divide this rate by a, the degree of dissociation, in 
order to obtain the true rate of esterification. 

The accuracy with which the rate of a reaction may be meas- 
ured with a pH-stat is inversely proportional to the buffering 
capacity of the system (28). It was found that the rate of 
esterification could not be determined accurately if the buffering 
capacity was greater than 350 uwmoles per pH unit at the pH of 
the reaction. Buffering was kept below this value by using 
0.01 m solutions of the carboxylic acids and by working at pH 
values at which at least 95% of the acid was dissociated. Since 
the dependence of the rate of decomposition of diazoacetamide 
upon hydrogen ion concentration placed an upper limit on the 
pH values which could be used, carboxylic acids with pK values 
higher than 4.3 were not studied. 

The results obtained with a series of carboxylic acids are 
shown in Table I. 

Differences in the reactivity of different types of carboxylate 
groups were revealed. The acids studied could be divided on 
the basis of their k,/k2 values into three groups. Dichloroacetic 
acid, asparagine, a-alanine, and §-alanine all had k;/k2 values 
very close to 30. Chloroacetic acid, glycylglycine, and benzoic 
acid (dissociated species) formed a group with moderate reac- 
tivities; whereas salicylic acid, acetyl glycine, 8-bromopropionic 
acid (dissociated species), and y-aminobutyric acid (dissociated 
species) were found to have reactivities as high as 3-fold those 
of the acids in the first group. The higher reactivity of salicylic 
acid was of interest, since this carboxylate group forms a strong 
hydrogen bond with the hydrogen of the neighboring phenolic 
hydroxyl group.’ The magnitudes of the differences found 
among the acids are not so large as to suggest that diazoacetamide 
discriminates measurably between a @- and a +y-carboxylate 
group in a protein if the groups are situated in similar environ- 
ments. 

These results with simple carboxylic acids explain the earlier 
observations on the esterification of human serum albumin (4). 
The values of k,/ke indicate that extremely high molar ratios of 
reagent to protein would be required in order to achieve a high 
degree of esterification of carboxy! groups, at least those groups 


ky /ke (9) 


7 Examination of the product of the reaction between diazo- 
acetamide and salicylic acid revealed that no alkylation of the 
phenolic hydroxy! group had occurred. 
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which resemble the simple compounds in reactivity. In aqueous 
solutions complete esterification of groups which are from 30 to 
100 times more reactive than water would not be expected be- 
cause of the competition of the more numerous water molecules. 


TABLE I 


Pseudo first order rate constants for decomposition of diazoacetamide 
and ratios of second order rate constants for reactions of diazo- 
acetamide with series of carboxylic acids and water 


See the text for the method of determining ki/ko. 


| 


| 
| | \dissoci- | | 
| | pH of reaction ation of | 
Acid | pK* | acid at) 108] 
| "served | | 
Ob- | Caleu- pH of | 
! | served | latedt reaction | 
| | | 
Dichloroacetic......| 1.29 5.29 5.31 99+ 1.12 3043 
Asparagine......... 2.02) 5.29 5.22) 99+ 1.388 8 
a-Alanine.......... 2.34 | 5.25 | 5.30} 99+ 1.15 | 3143 
Chloroacetic........ 2.86 4.92 4.92 | 994+ 2.80 47+ 5 
Chloroacetic........| 2.86 | 5.70 5.79 99+ | 0.373 53 + 5 
eg acd 2.97 | 5.29 | 5.21 | 994+ 1.42 | 93 + 9 
Glycylglycine......| 3.14 5.29 | 5.30 | 99+ 1.16 | 4945 
Acetyl glycine...... 3.60 5.30 | 5.30 98 1.146 90+ 9 
B-Alanine........... 3.60 5.25 5.27 98 1.23 | 32+ 3 
8-Bromopropionic... 4.01 5.70 5.76 98 0.402 84 + 8 
8-Bromopropionic.... 4.01 5.62 5.59 97.5 0.597 78 + 8 
8-Bromopropionic..., 4.01 4.90 4.92 89 2.80 | 102t 
4.19 5.71 15.71 97 | 0.453 59 + 6 
4.19 5.03 /5.01. 87 | 2.27 | 130t 
y-Aminobutyric....| 4.23 | 5.70 | 5.70 | 97 0.458 | 69 + 7 
y-Aminobutyric....| 4.23 | 5.00 | 5.01 85 2.25 | 76t 


* The pK values of the acids at 25° were obtained from the 
literature (29,30). The heats of ionization of the carboxyl groups 
were assumed to be such that the pK values would be essentially 
identical at 20° and 25° (29). 

+ Caleulated by dividing the observed pseudo first order con- 
stant by 23.0 m~ sec!, the average second order rate constant 
obtained from 18 determinations. 

t The error in these values may be greater than 10% because of 
the high buffering capacity of the system. See text for discus- 
sion. 


TABLE II 
Amounts of reactants and amount of glycolamide incorporated for 
various preparations of modified a-chymotrypsinogen 
The protein concentration was between 9.8 and 10.1% in the 
preparations listed. 


| | Glycolamide/ 
Number a-Chymotrypsinogen  Diazoacetamide decomposed mole of 
protein 
mg | mM mg | mM moles 
1 1000 0.040 1710 20.1 3.4 
2a 1210 0.048 195 2.3 0.88 
2b 1210 0.048 600 7.0 2.0 
2c 1210 0.048 1630 19.1 3.5 
2d 1210 0.048 2850 33.5 5.6 
3 1180 0.047 1200 14.0 3.0 
4 1210 0.048 1730 20.3 3.5 


Derivatives of a-Chymotrypsinogen. 
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IV 


Reaction of Diazoacetamide with Undissociated Carboxylic Acids | 
in Aqueous Solution—Bredig and Fraenkel (24) had demon. | 


strated that undissociated acetic acid did not catalyze the de. 
composition of an aqueous solution of ethyl diazoacetate, but 
this finding did not preclude the reaction of an undissociated 
carboxyl group with the intermediate formed by protonation 
with a free hydrogen ion: 


QO O 


RC—OCH.¢_NH; + H* +N, 


An attempt was made to determine with the pH-stat the 
relative reactivity of the dissociated and the undissociated species 
of the carboxyl group by comparing k,/k2 at different degrees of 
dissociation. As shown in Table I, ki/k2 for 8-bromopropionie, 
benzoic, and y-aminobutyric acids became higher when the degree 
of dissociation was decreased, indicating that the undissociated 
species reacted at a higher rate than the dissociated species. The 
error in the determination of the ratio at the lower pH values 
may be 10% or somewhat greater because the buffering capacity 
was high. Nevertheless, it was possible to conclude that the 
reactivity of the undissociated species was probably not more 
than 5 times greater than that of the dissociated species. 

Reaction of Diazoacetamide with a-Chymotrypsinogen—The 
amounts of reactants and extent of esterification for typical 
preparations of modified protein are shown in Table II.  Electro- 
phoresis and chromatography demonstrated that all the prepara- 
tions were mixtures of at least two major components. The | 
moles of glycolamide per mole of protein given in Table II 


represent, therefore, the average degree of esterification of a — 
complex mixture and not the degree of esterification of a single | 
species. 
The course of the reaction could not be determined accurately 
from the amount of acid delivered by the pH-stat because the | 
degree of dissociation of the carboxyl groups which were reacting 
was not known. It was necessary to remove aliquots from a 
reaction mixture at various times during the reaction and to — 
determine the glycolamide content of these samples (Preparation — 
2, Table Il). A plot of the degree of esterification against the 
number of millimoles of diazoacetamide which had decomposed | 
at the time each sample was taken is shown in Fig. 13 For 
comparison, a calculation was made of the course of the reaction 
which should result if it is assumed that chymotrypsinogen 
contains 10 carboxyl groups (16), all of which have an arbitrary 


8’ The more usual method of plotting the course of a reaction 
as a function of time was complicated in this case by the addition 
of the diazoacetamide in portions. The plot used in Fig. 2 1s 
based on the consjderation that, formally, the esterification of a — 
carboxyl group by diazoacetamide may be written: A + H* + 


C- — BHC + N27. Therefore, 


Dividing Equation 10 by Equation 5 and integrating, 


—log = [A] + constant (11) 


It may be seen that this method of plotting also had the advantage | 
of giving a curve which was independent of the pH of the reaction. : 
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k,/kz value of 80 in the one case or of 30 in the other case. The 
resulting curves are shown in Fig. 1. 

Both theoretical curves predict a higher degree of modification 
per mole of diazoacetamide decomposed than has actually been 
observed. This suggests that several of the protein carboxyl 
groups are much less reactive toward diazoacetamide than the 
simple carboxylic acids which were studied. 

The number of samples is too small to establish exactly the 
shape of the reaction curve. Nevertheless, it may be seen from 
Fig. 1 that a rapid increase occurs in the amount of diazoacet- 
amide required to obtain a given increment of esterification 
during the initial phase of the reaction, 7.e. 2.6 mmoles of reagent 
to introduce the first glycolamide residue, 4.2 mmoles to intro- 
duce the second, and 7.2 mmoles to introduce the third. 

The final sample of Preparation 2, which contained 5.6 glycol- 
amide groups per mole of protein, was the most highly modified 
protein which was obtained. A much higher degree of esterifi- 
eation of chymotrypsinogen would be hardly feasible in a com- 
pletely aqueous system. The use of a mixed aqueous-organic 
solvent has not as yet been investigated, but it is to be antici- 
pated that a higher degree of modification would be obtained 
with a given amount of diazoacetamide, since the reaction of 
the reagent with water would be decreased. 

Estimation of Glycolamide in Protein Derivatives—The precision 
of the glycolamide analysis was tested by making three separate 
analyses of Preparation 2d. The moles of glycolamide per 
mole of protein released after 11, 24, and 48 hours at pH 10.2 
were, respectively, 5.68, 5.58, and 5.61. The average deviation 
of these values, +0.04, was considerably smaller than the 
assumed precision of +5% for the individual determinations. 
It may also be seen from this data that 11 hours of treatment 
at pH 10.2 were sufficient to obtain quantitative saponification. 

Stability of Ester Bonds at pH 5.2—Since purification and 
chromatography of the modified proteins were carried out at 
pH values between 4 and 6, the stability of the ester bonds in this 
pH range was tested. A sample of Preparation 1 was dissolved 
in 0.08 m sodium citrate-sodium phosphate buffer, pH 5.2, and 
the solution was allowed to stand at 5° for 90 hours. The 


Moles glycolamide/mole chymotrypsinogen 


0 Ie) 20 30 40 


Millimoles diazoacetamide decomposed 

Fic. 1. Degree of esterification of a-chymotrypsinogen plotted 
against mmoles of diazoacetamide decomposed. The solid line 
was drawn through the values found for Preparations 2a through 
d(Q), Preparation 1 (@), Preparation 3 (CQ), and Preparation 4 
@). The dotted lines show the theoretical degrees of esterifica- 
tion to be expected if it is assumed that chymotrypsinogen con- 
tains 10 carboxyl groups, all of which have k,/k2 values of 80 
(---) or 30 (-~-). See text for the definition of the term ki /ke. 
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Fic. 2. Elution profiles of samples of 25 + 5 mg of esterified 
chymotrypsinogen chromatographed on 0.9- X 50-cm columns of 
CM-cellulose. Elution was effected with a nonlinear gradient. 
The mixing chamber contained 300 ml of 0.10 m potassium phos- 
phate buffer, pH 6.07, and the reservoir contained 0.23 m potassium 
phosphate buffer, pH 5.98. Arrows denote fraction number at 
which a stepwise change was made to 0.30 m phosphate buffer. 
a, Preparation 2a (0.88 mole of glycolamide); 6, Preparation 2b 
(2.0 moles of glycolamide); c, Preparation 2c (3.5 moles of glycola- 
mide); d, Preparation 2d (5.6 moles of glyvcolamide); e, Prepara- 
tion 1 (3.4 moles of glycolamide). 


protein was then precipitated with trichloroacetic acid and the 
solution was analyzed for glycolamide by the usual procedure. 
None was detected, indicating that hydrolysis of ester bonds 
does not occur at a significant rate near pH 5. Furthermore, 
precipitation of the protein with trichloroacetic acid does not in 
itself hydrolyze the ester bonds. 

Chromatography of Reaction Products—Preparations 1 and 2a 
through 2d were analyzed on small columns of CM-cellulose. 
The effluent profiles obtained are shown in Fig. 2. The peak 
appearing at approximately Fraction 210 in Fig. 2 (b, c, and d) 
represents protein which was eluted by the stepwise change in 
eluting buffer.» It was determined that chymotrypsinogen 
emerges at Fractions 60 to 70 when chromatographed alone 
under the same conditions; it is probable that the first major 
peak in Fig. 2a is unmodified protein.!° 


9 Effluent profiles comprising as many as 400 tubes were obtained 
with proteins containing an average of more than 3 moles of gly- 
colamide per mole of protein. The effluent profile beyond tube 
200 was a slowly diminishing, undifferentiated slope. To expedite 
the collection of this portion of the protein, the eluting buffer 
was changed to 0.30 m potassium phosphate, pH 5.95, somewhere 
between tubes 180 and 190. This buffer eluted in 15 tubes the 
remainder of the protein. 

10 Subsequent chromatography of both the protein derivatives 
and unmodified chymotrypsinogen on CM-cellulose containing 
less than 0.88 m.eq. of acid per gram has revealed that the salt 
concentration required to cause elution of a given peak is a func- 
tion of the degree of substitution of the CM-cellulose. For ex- 


ample, if chromatography of unmodified chymotrypsinogen was 
attempted under the conditions given in the present work with 
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Fic. 3. Chromatographic elution profile of a 600-mg sample of 
esterified chymotrypsinogen containing an average of 3.0 moles 
of glycolamide per mole of protein. A 2- XX 50-cm column of 
CM-cellulose was used and elution was effected with a nonlinear 
gradient. The mixing chamber contained 1500 ml of 0.10 m po- 
tassium phosphate buffer, pH 6.07, and the reservoir contained 
0.23 M potassium phosphate buffer, pH 5.98. The arrow denotes 
the fraction number at which a stepwise change was made to 
0.30 m phosphate buffer. The segments into which the fractions 
were divided are shown. 


210 230 250 


TABLE III 
Comparison of activation of chromatographic fractions with 
activation of native a-chymotrypsinogen 
Esterase activity obtained after 60 minutes of activation from 
the same amount of a-chymotrypsinogen under identical condi- 
tions is equated to 100. 


Fraction 
Time of a-Chymo- 
min 
15 | 65 39 38 40 22 
30 95 46 46 46 28 
60 | 100 54 52 51 33 


It may be seen from a comparison of the effluent profiles of 
Preparations 1 and 2c that careful control of the conditions of 
the modification reaction permits reproducible formation of 
mixtures containing the same percentages of the same com- 
ponents. 3 

The components present in the less highly modified samples 
(2a and 2b) are more completely resolved than those in the more 
highly modified samples (2c and 2d). This result would be 
expected if the chromatographic method had the power to re- 
solve positional isomers (see below) and if the number of such 
isomers was low in the early stages of the modification. 

The profile obtained from the chromatography of 600 mg of 
Preparation 3 on a 2- X 50-cm column is shown in Fig. 3. The 
effluent protein was divided into the fractions designated by the 
letters. Fraction E is the artificial peak obtained by the step- 
wise change of buffer. The moles of glycolamide per mole of 


CM-cellulose which contained 0.67 m.eq. of acid per gram, the 
protein emerged immediately after displacement of the hold-up 
volume (Fractions 14 to 16). 
findings will appear elsewhere. 


A full report concerning these 


Derivatives of a-Chymotrypsinogen. IV 


TABLE IV 


Amino acid composition of hydrolysates of samples of a-chymo. | 


trypsinogen and of mixture of modified proteins obtained 
from reaction of a-chymotrypsinogen with diazoacetamide 


The values are given in terms of the molar ratios of the amino | 
acids. 
No. of amino acid residues/molecule 
Amino acid a-Chymotrypsinogen Preparation 4 
Standard 16-hr 22-hr 
analysis (16) hydrolysate* hydrolysate* 

Aspartic acid............ 21.8 22.0 22.0 
Glutamic acid............ 14.2 14.1 14.2 
23.3 23.5 21.7 
Methionine.............. 1.9 2.2 2.2 
Isoleucine................ 9.9 7.1T 9.2t 
18.8 18.7 19.0 
Phenylalanine............ 6.5 5.6 5.9 
Half-cystine............. 10.0 
Tryptophan.............. 7.0 


* The molar ratios of the amino acids were calculated by assign- 
ing an aspartic acid content of 22.0 moles per mole of protein. 
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t The amounts of these amino acids are sensitive to the length | 
of the time of the hydrolysis. 


} 
protein in Fractions O through D were found to be: Fraction 0, 


2.38; Fraction A, 2.14; Fraction B, 2.33; Fraction C, 2.69; 
Fraction D, 3.55. It is possible that these values are slightly 
high because of incomplete adsorption on Dowex 2 of the con- 
taminating CM-cellulose originally present in these fractions.” — 
From these results it is evident that some fractionation of posi- 
tional isomers has occurred. 

Rapid Activation of Chromatographic Fractions—Samples of 
Fractions B, C, and D from Preparation 3 were subjected to 
rapid tryptic activation and their enzymatic activity was meas- 
ured with acetyl-L-tyrosine ethyl ester as substrate. In Table 
III are given the initial rates of hydrolysis of the substrate for 
the various fractions. These rates have been arbitrarily ex- 
pressed as a percentage of the rate of hydrolysis obtained with a 
sample of unmodified chymotrypsinogen which had been acti- 
vated for 60 minutes. This sample was activated at the same | 


11 Although it had been found that CM-cellulose was completely | 


removed from dilute acetic acid by Dowex 2(CI-), a control exper- _ 


ment with unmodified chymotrypsinogen revealed that adsorp- 
tion of the CM-cellulose was not as efficient in the presence of | 
protein. When the effluent chymotrypsinogen was carree — 
through the procedure used for the analysis of glycolamide in the 
modified proteins, an absorbancy at 570 my equivalent to 0.34 : 
glycolamide residue per mole of protein was obtained. A cor — 
rection based on this value has not been applied to the results | 
obtained for the modified fractions, however, since there was no | 
proof that the same amount of CM-cellulose remained in each | 
sample. 
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time as the modified proteins and assayed under identical con- 


ditions. 


The conditions of the assay were such that with activated 
native chymotrypsinogen the rate of hydrolysis was constant 
yntil approximately 60 % of the substrate had been consumed. 
In contrast, all the activated fractions of modified zymogen 
gave rates of hydrolysis which decreased continuously starting 
with zero time. If the initial rate is assigned a value of 1.00, 
the rate was 0.91 at 50 % hydrolysis and 0.71 at 75 % hydrolysis. 

Amino Acid Analysis of Modified Protein—The specificity of 
the reaction of diazoacetamide with a-chymotrypsinogen was 
investigated by determining the amino acid content of the modi- 
fed protein. The amino acid content of Preparation 4 is com- 

with that of unmodified protein in Columns 3 and 4 of 
Table IV. The molar ratio of the amino acids was calculated 
by assigning a value of 22.0 residues to the aspartic acid peak. 
In previous work (16), the mean deviation of the values found 
for this amino acid in six separate analyses of chymotrypsinogen 
for various times of hydrolysis was 1.8%. 

First, it may be seen that the amounts of tyrosine, histidine, 
lysine, and arginine have not been altered by reaction with 
diazoacetamide. Apparently the use of diazoacetamide in 
aqueous solution does not effect alkylation of these residues, 
since the formation of such acid-stabile derivatives would be 
revealed by decreases in the values for the corresponding amino 
acids. Previous work with human serum albumin (4) had sug- 
gested that such reactions do not occur with either diazoacet- 
amide or diazoacetic esters in aqueous solution. In contrast, 
diazomethane is known to effect O- and N-alkylation of proteins 
(5) and ethyl diazoacetate has been reported to react with phenol 
(31) in aprotic solvents. 

The specificity of the modification has not been completely 
established by the amino acid analysis. The amounts of several 
amino acids, especially serine and threonine, are sensitive to 
the time of hydrolysis (16). Careful studies would be required 
toestablish rigorously that these residues have not been modified. 
Tryptophan and cystine are extensively destroyed by an acid 
hydrolysis and cannot be analyzed by this method. Both these 
amino acids contain groups which could conceivably react with 
diazoacetamide. The amounts of methionine shown in Table 
IV are in good agreement. Nevertheless, it should be noted 
that if methionine were alkylated by diazoacetamide, the S- 
carbamylmethyl sulfonium salt of methionine would be formed. 
Gundlach, Moore, and Stein (32) have shown that a portion of 
the methionine was regenerated from methioninecarboxymethy] 
iodide when this salt was heated for 20 hours in 6 n HCl at 110°. 

Wilcox (4) found that diazoacetamide reacted with the sulfhy- 
dryl group in human serum albumin. This reaction did not 
have to be considered in the present work, since a-chymotrypsin- 
ogen has no sulfhydryl groups (33). 3 

Ultraviolet Spectra of Modified Protein—The ultraviolet spectra 


_ of the modified protein (Preparation 4) in acidic and basic solu- 


tions very nearly coincide with the corresponding spectra of 
a-chymotrypsinogen under the same conditions. The difference 
in the molar absorbancy index at 296 my of the modified protein 
in the acidic and basic solutions is 6.3 X 10% M-!. The corre- 


sponding value for chymotrypsinogen is 6.6 103 The 
_ Close agreement of the two values proves that the phenolic 


hydroxyl groups of the tyrosine residues have not been modified 


j to any significant extent (34). The near coincidence of the 
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Descend 


a. 404 min. 


b. 304 min. 


NG 


c. 355 min. 
Fic. 4. The electrophoretic patterns of esterified chymotryp- 


sinogen with a, 1.3; 6, 2.7; and c, 3.4 moles of glycolamide per 


mole of protein. Analyses were performed in sodium acetate 
buffer, pH 4.97, ionic strength, 0.1, in the Spinco model H appa- 
ratus. Arrows have been placed at the positions where native 
chymotrypsinogen would be expected to be at the time of each 
exposure. Countercurrent electrophoresis had been applied be- 
fore the time at which the photograph of pattern a was taken. 


Fic. 5. Sedimentation patterns for Preparation 4, 0.9% solu- 
tion in sodium acetate buffer, pH 4.97, ionic strength 0.1. The 
pictures shown were taken at 8, 24, 48, and 88 minutes. Analysis 
was carried out at 59,780 r.p.m. in a Spinco model E analytical 
ultracentrifuge at 20°. The diagrams were used to calculate a 
sedimentation constant of s20,. = 2.55, a value not significantly 
different from 820,. = 2.62 found for a-chymotrypsinogen at the 
same concentration and in the same solvent. 


spectra for modified and native protein also suggests that 
tryptophan residues have not been altered. 

Physical Properties of Protein Derivatives—The electrophoretic 
patterns of protein derivatives with different contents of glycol- 
amide are shown in Fig. 4. No mobilities were calculated be- 
cause of the large number of components present and their 
possible interactions, but the expected position of a-chymotryp- 
sinogen at the time of each exposure was calculated from its 
known mobility of 3.8 10-5 em? volt- sec-! (7). These posi- 
tions are indicated by vertical arrows. The most highly modi- 
fied component would be expected to have the highest mobility 
at the pH value used. 

A sample of Preparation 4 behaved as a single component in 
the ultracentrifuge (Fig. 5). 

Saponification of Modified Protein at pH 10.2—The sample of 
Fraction D which had stood at 5° and pH 10.2 for 24 hours was 
activated with trypsin and its enzymatic activity measured in 
the manner described. In Table III, the initial rates of substrate 
hydrolysis which were obtained with the saponified protein are 
compared with the rates obtained with the untreated fractions. 

A portion of the recovered protein was insoluble in the buffer 
used for the tryptic activation, indicating that some denaturation 
had occurred during the saponification. Partial denaturation 


would explain the decrease in the specific activity of the activated 
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protein, but it would not explain the observation that the re- 
maining enzymatic activity showed the same failure to follow 
zero order kinetics as the unsaponified fractions. When native 
a-chymotrypsinogen was held at pH 10.2 and activated by the 
procedures applied to Fraction D, the enzyme behaved in the 
normal fashion in the esterase assay. 


DISCUSSION 


The molecule of a-chymotrypsinogen possesses three y-car- 
boxyl groups, seven or eight @-carboxyl groups, and one a- 
earboxyl group (16, 35, 36), any of which might react with 
diazoacetamide. ‘The data on the course of esterification showed 
that the first one or two glycolamide residues were introduced 
into the protein at a rate that was significantly higher than the 
rate for succeeding residues. The chromatographic analyses of 
reaction products at various degrees of esterification indicated 
that only a few isomers were present in substantial amounts 
when the average number of glycolamide residues was one or 
two per mole of protein. Many isomers were shown to be present 
when the degree of esterification was three to four. Taken to- 
gether, this evidence suggests, but does not prove, that a few 
particular carboxyl groups in ‘a-chymotrypsinogen are consider- 
ably more reactive toward diazoacetamide than the remainder. 

As a result of the incomplete reaction between dizaoacetamide 
and chymotrypsinogen, a mixture of derivatives was always 
obtained. Chromatography on columns of CM-cellulose has 
permitted a detailed anaysis of such mixtures, and fractionation 
of one mixture on a preparative scale provided evidence that the 
chromatographic system used will distinguish positional isomers. 
A more rigorous characterization of the fractions would be re- 
quired before it could be stated whether all positional isomers 
have been partially or completely separated by chromoatography. 

Once chemically homogeneous samples of monoesterified or 
diesterified chymotrypsinogen have been isolated, it should be 
possible to identify the types of carboxyl groups which have 
reacted with diazoacetamide. Reduction of the ester bonds with 
LiBHs followed by acid hydrolysis would result in free hydroxy- 
amino acids characteristic for esterification at an aspartyl, a 
glutamyl, or the terminal asparagine residue of the protein (16, 
32, 37). Each hydroxyamino acid could be recognized by its 
position in the chromatogram of an amino acid analysis on a 
column of ion exchange resin. 

Two principal causes have been shown to underlie the fact 
that quantitative esterification of a protein with the diazo reagent 
cannot be approached in aqueous solution. On the one hand 
the kinetic studies with simple carboxylic acids showed that the 
fraction of the reagent which may be expected to react with the 
protein is very small and that the rate of esterification of any one 
carboxyl group in the protein would become vanishingly small 
as the concentration of that group falls. On the other hand, a 
portion of the carboxyl groups may have a suppressed reactivity, 
as in the present case of chymotrypsinogen; in other words, some 
carboxyl groups may be described as being ‘‘masked.”’ 

The amino acid analysis and the ultraviolet spectra of the 
modified chymotrypsinogen indicate that reaction has been con- 
fined to esterification of carboxyl groups. Some doubt is cast 
upon the specificity of the reaction, however, by the failure of 
the modified protein to regain the enzymatic activity character- 
istic of activated native chymotrypsinogen after exposure to 
conditions believed to cause complete saponification of the ester 
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groups. An investigation of optimal conditions for saponificg. 


tion will be needed before this point can be clarified. 


It was determined that the modified esterase activity of the | 


enzymes derived from esterified chymotrypsinogen was jot 


caused by product inhibition. The observed decrease in initia} | 


rate and the apparent dependence of the rate upon substrate 
concentration could be the consequence of an increase in the 
Michaelis-Menten constant for the enzyme-substrate system 4; 
a result of the chemical modification. This possibility would be 
properly tested by more extensive kinetic studies of enzymes de. 
rived from individual chromatographic components of modified 
zymogen. It should be pointed out that identification of the 
group or groups which are involved in the changed enzymatic 
behavior would have a bearing on our understanding of the ae- 
tion of chymotrypsins. 


SUMMARY 


The use of diazoacetamide for the preparation of esterified de. 
rivatives of a-chymotrypsinogen has been investigated. The 
course of the reaction was followed by analysis for the number of 
base-labile glycolamide residues introduced into the protein and 
by chromatography of the reaction products on columns of car- 
boxymethy] cellulose. 

The rates of esterification of some simple carboxylic acids by 
diazoacetamide in aqueous solutions have been determined. Dif. 
ferences in these rates for different types of carboxyl groups were 
detected; however, these differences were not large enough to 
account for the wide variations in reactivity which were found 
for the carboxyl groups of chymotrypsinogen. <A few carboxyl 
groups in the protein reacted much more rapidly than the re- 


mainder; an unknown number of the remaining carboxy] groups | 


showed a reactivity that was much less than that found for the 
simple carboxylic acids. 
tive esterification of chymotrypsinogen in an aqueous solution. 

Chemical characterization of a reaction product containing an 
average of 3.5 moles of glycolamide per mole of protein revealed 
no modification other than the esterification of carboxyl groups. 


In sedimentation analysis the same preparation behaved as a | 
single component with a sedimentation constant not significantly | 


different from that of the unmodified protein. 

Fractionation on carboxymethy] cellulose of a preparation con- 
taining 3.0 moles of glycolamide resulted in the partial separation 
of a large number of components. 
effluent protein appeared as five distinct fractions, all of which 
contained from 2 to 3.5 moles of glycolamide. 

Three chromatographic fractions were activated by trypsin to 
enzymes with esterase activities differing from that of 6-chymo- 


It was not possible to achieve quantita- — 


— 


The major portion of the 


} 


trypsin. It was not possible to regain the esterase activity char- | 


acteristic of 6-chymotrypsin by exposing a sample of modified 
protein to conditions believed to cause complete saponification 
of the ester bonds. 
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V. CHEMICAL MODIFICATION OF ACTIN* 
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The chemical mapping of the region of the actin molecule 
responsible for its interaction with myosin, adenosine triphos- 
phate, or another actin molecule was started promisingly about 
10 years ago with the demonstration of the inhibitory action of 
mercurials on the polymerization process (2). This was inter- 
preted as evidence for the involvement of the SH groups in the 
actin-actin interaction. It was shown later by Guba (3) and 
Barany (4) that about half of the SH groups of G-actin became 
unreactive during the polymerization process. 

The search for groups participating in the polymerization 
process was continued by Barany (5) who reported that blocking 
of large numbers of amino groups by formaldehyde or acetic 
anhydride inhibited the polymerization of G-actin and de- 
polymerized F-actin. 

We have studied the effect of the specific modification of a 
small number of histidine and tyrosine residues on the poly- 
merization of actin. It was found that on photooxidation of 
about one or two groups under conditions favoring the oxidation 
of histidine, G-actin irreversibly lost its polymerizability and 
F-actin became depolymerized. 

Surprisingly, the photooxidized actin showed the activating 
effect on myosin adenosine triphosphatase usually associated 
with F-actin. More extensive oxidation eventually abolished 
this effect. 

Coupling of one tyrosine group with diazotized sulfanilic acid 
caused both the loss of polymerizability of actin and its activating 
effect on the adenosine triphosphatase activity of myosin at a 
low ionic strength in the presence of Mg. 

These results suggest that a group particularly sensitive to 
photooxidation is involved in the polymerization process, but 
is not required for the interaction of actin with myosin. An- 
other, presumably a tyrosine group, plays a role in both the 
actin-actin and actin-myosin interactions. 


EXPERIMENTAL PROCEDURE 


Actin and myosin were prepared as described earlier (6). The 
reaction of histidine, tyrosine, and lysine groups with FDNB! 
was studied as follows. G- or F-actin (protein concentration 4 


* This investigation was supported by a research grant (B-2175) 
from the National Institute of Neurological Diseases and Blind- 
ness, United States Public Health Service. This is paper 102 of 
the Retina Foundation. A previous paper in this series has been 
published (1). 

1The abbreviations used are: FDNB, 1-fluoro-2,4-dinitro- 
benzene; PCMB, p-chloromercuribenzoate; DSA, diazotized sul- 
fanilic acid. 
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to 6 mg per ml) was incubated with increasing concentrations of 
FDNB in a medium containing 4.35% ethanol and 0.1 m Tris 
buffer, pH 7.78, for various lengths of time. Rapid stirring was 
provided throughout the whole period. In some experiments 
the composition of the system was as described by Sanger (7), 
At the end of the incubation period the protein was precipitated 
with 5% trichloroacetic acid, washed repeatedly with ethanol 
and H,0, and finally suspended in6 N HCl. The hydrolysis wag 
carried out in sealed test tubes at 105° for 18 hours. The mate. 
rial was concentrated to dryness in a vacuum in the presence of 
NaOH pellets and anhydrous CaCle. The residue was taken up 
in a small volume of H,O and analyzed by paper electrophoresis 


or paper chromatography. The paper electrophoresis was : 
carried out with Whatman No. 3MM paper, 0.5 m pyridine- | 


acetate buffer, pH 6.8, and a voltage gradient of 40 volts per cm. 


Good separation of e-N-dinitropheny] lysine, histidine, and tyro- 


sine could be achieved also by ascending paper chromatography 
in a butanol-acetic acid-H,O (78:5:17) system. The ninhydrin © 


or a diazo test was used for indentifying the amino acid spots, . 
and the following methods were applied for the determination of © 
different amino acids in eluates of cut-out spots of the chroma- | 
togram: arginine, the 8-hydroxyquinoline method of Ceriotti and | 
Spandrio (8); tyrosine, the a-nitroso-8-naphthol procedure de- | 


scribed by Ceriotti and Spandrio (9); histidine, the Macpherson — 


method (10); e-N-dinitrophenyl lysine, spectrophotometric de- — 
termination of optical density at 550 my in the presence of | 
10-? m Tris buffer, pH 7.0. Tryptophan was determined accord- 
ing to Spies and Chambers (11). 

The diazotization of sulfanilic acid was carried out as described 
by Tabachnik and Sobotka (12). The reaction of DSA with 
actin was determined either by estimating the amount of un- 
reacted diazo reagent by the resorcinol method of Koltun (13), 
or by determining by the following procedure the number of az0 — 
groups formed. The protein was precipitated from the reaction 
mixture with 10-! m acetate buffer, pH 4.75; the precipitate was 


washed with acetate buffer and dissolved in 10-1 m Tris buffer, © 


pH 7.0, and the optical density measured from 250 to 500 mp. — 
The approximate number of azo groups formed was obtained — 
with the use of the molar extinction coefficient estimated by 
Tabachnik and Sobotka (12) for the azo derivatives of tyrosine — 
and histidine. The number of azo groups formed is somewhat 
smaller than the number of DSA molecules bound to actin as | 
determined by the method of Koltun (13). 
The standard procedure for photooxidation of actin was 
essentially that described by Weil et al. (14). To a solution ot | 
actin containing 5 to 6 mg of protein per ml, 5 moles of salyrga — 
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mole of actin, 10-? m Tris buffer, pH 7.8, 10-4 m ATP, and 
10-1 m methylene blue were added. The reaction was carried 
out at 5°. For illumination, a 500-watt projector lamp placed 
at a distance of 25 cm was used. The reaction was terminated 
by covering the tube with aluminum foil, and the methylene 
blue was removed by the addition of 5 mg of charcoal for each 
ml of solution. In most cases a 10-fold excess of glutathione was 
added for the neutralization of the salyrgan after the removal of 
charcoal by centrifugation. 

The measurement of the ATPase activity was carried out in a 
system containing 0.06 m KCl, 10-* m MgCl, Tris buffer, 
pH 7.0,and 10-*m ATP. The incubation period was 15 minutes 
at 25°; total volume, 2 ml. Inorganic phosphate was determined 
by the Fiske-SubbaRow method (15). The method of Boyer 
was used for the determination of SH groups (16). Double 
refraction of flow measurements were carried out in an Edsall- 
type apparatus. The birefringence (An) was measured by 
means of a quarter wave mica plate compensator. Mg was 
determined according to Ames and Nesbett (17). A Beckman 
model DU spectrophotometer was used for ultraviolet absorption 
measurements. Viscosity measurements were carried out in an 
Ostwald viscometer at 29°. Total volume, 3 ml. Mushroom 
tyrosinase was obtained from Worthington Biochemical Corpora- 


tion. 


RESULTS 


Effect of Photooxidation on Polymerization of Actin—It has 
been shown by Weil (14) that during the photooxidation of 
various proteins at a slightly alkaline pH, the oxidation of 
histidine takes place. Photooxidation of G-actin for about 5 
minutes leads to a complete loss of polymerizability as indicated 
by viscometry, flow birefringence measurements, and _ ultra- 
centrifugation (Fig. 1). Methylene blue alone or illumination 
in the absence of methylene blue is ineffective. Photooxidation 
of F-actin under identical conditions results in a rapid and 
irreversible depolymerization which is complete in about 20 
minutes (Fig. 2). 

Since the addition of p-chloromercuribenzoate to actin or to 
glutathione before the photooxidation greatly inhibited the 
oxidation of SH groups (Table I), and the effect of photooxidation 
on the polymerizability of actin has been observed in the pres- 
ence of mercurials, it is concluded that the changes observed are 
not related to the oxidation of SH groups. 

Interaction of Photooxidized Actin with Myosin—In recon- 
stituted actomyosin systems at low ionic strength in the presence 
of Mg the rate of ATP splitting increases with addition of actin 
up to an actin to myosin weight ratio of 2:3 (18). It was found 
that prolonged photooxidation decreases the activating effect 
of actin on myosin-ATPase (Fig. 3). Similar results were ob- 
tained by direct measurement of the combination of photo- 
oxidized actin with myosin. A comparison of the time courses 
represented in Figs. 1 and 3 reveals that on photooxidation the 
polymerizability of actin disappears at a time when the ATPase- 
activating effect is still unchanged. This suggests the participa- 
tion of different functional groups in these two processes with 
different sensitivities to photooxidation. The possibility is not 
excluded that the decrease in the myosin-ATPase-activating 
effect of actin observed after extensive photooxidation is due to 
the slow oxidation of SH groups taking place even in the presence 
of mercurials (Table I). 

Effect of Photooxidation on Salting Out of Actin by MgCl.—It 
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Fic. 1. Effect of photooxidation on the polymerizability of 
actin. The photooxidation was carried out at 5° as described in 
‘‘Experimental Procedure.’’ The polymerizability of the mate- 
rial was tested by viscometry, double refraction of flow measure- 
ments, and an ultracentrifugal method. Viscosity measurements: 
Protein concentration, 1 mg per ml. The viscosity changes were 
measured after the addition of 0.1 m KCl. Ordinate, specific 
viscosity 60 minutes after the addition of KCl expressed as a 
percentage of control. Double refraction of flow measurements: 
Protein concentration, 0.97 mg per ml. Measurements were 
carried out at room temperature 70 minutes after the addition of 
0.1 m KCl. Velocity gradient, 26.4 sec™!. Ordinate, An 70 min- 
utes after the addition of KC] expressed as a percentage of control. 
Ultracentrifugal measurements: The amount of F-actin in a sys- 
tem containing G- and F-actin has been determined by estimating 
the decrease in the protein concentration of a material centrifuged 
at 100,000 X g for 3 hours. To a photooxidized actin solution 
(4.89 mg per ml) KCl was added to a final concentration of 0.1 mM 
and after 20 hours, the material was centrifuged at 100,000 X g for 
3 hours. The protein concentration of the supernatant solution 
(determined by the biuret method) was compared with the original 
and the difference was regarded as the concentration of F-actin 
in the system. Ordinate, [(P>o — P:)/Po] X 100 where P» is the 
original protein concentration and P, is the protein concentration 
of the supernatant after centrifugation. O O, viscosity; 
A——A, flow birefringence; 0——D, ultracentrifuge. 


SPECIFIC VISCOSITY 


5 20 25 
TIME OF ILLUMINATION, MINUTES 

_ Fic. 2. Depolymerization of photooxidized F-actin. Condi- 
tions: 0.97 mg of F-actin per ml, 10°‘ m ATP, 0.1 m KCl, 10-* m 
methylene blue, and 3 X 10-4 m salyrgan present when indicated. 
The solution was illuminated in an Ostwald viscometer, at 29°, as 
described under ‘‘Experimental Procedure.’’ ©, illuminated, 
methylene blue; 0, illuminated, methylene blue and salyrgan; 
@, not illuminated, methylene blue; @, not illuminated, methy!]- 
ene blue and salyrgan. 
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TABLE 


Photooxidation of actin and glutathione in presence 
and absence of PCMB 


Actin: the illuminated solution contained 6.86 mg of actin, 
2.2 X 10-7 moles of methylene blue, and 4 X 1077 moles of PCMB 
in a total volume of 2.44 ml. Control samples without PCMB or 
PCMB and methylene blue were included. Illumination was 
carried out as described under ‘‘Experimental Procedure.’’  Ali- 
quots were taken at intervals and the SH content determined, in a 
medium containing 2 X 10-3 m Tris buffer, pH 7.6, 0.11 mg per ml 
of actin, and 8 X 10-° m PCMB, by the Boyer method (16). Glu- 
tathione: the reaction mixture containing 10-3 m GSH, 107-3 m 
methylene blue, 10°? PCMB, and 5 X 107? glyeylglycine buffer, 
pH 7.6, was illuminated with a 500-watt projector lamp from a 
distance of 25 em. Appropriate controls were included in the 
table. Samples were taken at intervals and the GSH content 
determined by the Boyer method (16) in a medium containing 
8 X 10-4 m glyeviglycine buffer, pH 7.6, 8 K 10-5 m PCMB, 8 X 
10-* m GSH or an equivalent amount of photooxidized material. 
Readings were taken repeatedly at 250 mp wave lengths until con- 
stant values were reached. 


‘Differential absorption of PCMB-glutathione 
or PCMB-G-actin complexes after 
photooxidation 


min A O.D. at 250 mp 
Glutathione 0 0.44 0.44 | 0.44 
10 | 0.42 0.29 0.43 
40) | 0.41 0.08 0.43 
G-Actin 0 0.10 0.11 0.115 
20 | 0.107 | 0.092 0.115 
50 | 0.094 0.067 0.102 
120 0.089 0.055 0.095 


was reported by Szent-Gy6rgyi (19) and Barany (20) that G- 
actin is precipitated at neutral pH by the addition of about 10-* 
M MgCl. or CaCl... This was interpreted as an isoelectric pre- 
cipitation due to the binding of Mg** and Ca** to actin. We 
found that although the Mg**-binding properties of photo- 
oxidized actin were largely the same as those of the control (Fig. 
4), the characteristic precipitation after the addition of Mg*+ 
did not occur with photooxidized actin at Mg++ concentrations 
ranging from 10-4 to 10°! m. The estimation of the exact con- 
tribution of the Donnan effect to the observed Mg*+ binding 
has not been possible. The close agreement between our results 
and the conductometric measurements of Asakura et al. (27) 
which are not subject to Donnan correction suggests that the 
correction is surprisingly small. Inhibition of the Mg** precipi- 
tation also occurs on formaldehyde and urea treatment of actin. 

Oxygen Uptake during Photooxidation of Actin—As shown in 
Fig. 5, the oxygen uptake increases almost linearly with the 
time of photooxidation. After about 5 minutes, 7.e. at a time 
when the loss of polymerizability occurred, less than 4 mole of 
oxygen per mole of actin was consumed, suggesting the oxidation 
of fewer than two groups per mole of actin. 

No decisive analytical evidence regarding the identity of the 
oxidized groups was found. Although a slight decrease in the 
histidine content of actin was observed after 15 minutes of 
photooxidation, the difference can hardly be regarded as signifi- 
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cant. The tryptophan and tyrosine content remained unaltered 
(Table II). 

The spectral changes observed by Weil on photooxidized 
ribonuclease and attributed to the oxidation of histidine residues 
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Fic. 3. Effect of photooxidation on the interaction of actin 
with myosin. The photooxidation of actin was carried out as de- 
scribed under ‘‘Experimental Procedure.’’ Determination of 
ATPase activity: 0.1 ml of photooxidizéd actin (protein concen- 
tration 5.9 mg per ml) was added to 0.2 ml of myosin (protein 
concentration 14 mg per ml) and immediately diluted to 1.2 ml 
with H.O. A quantity of 0.05 ml of this suspension was assayed 
for ATPase activity as described under ‘‘Experimental Proce- 
dure.’’ Under the conditions of the experiments the ATPase 
activity of myosin is negligible. The ATP split amounted at a 
maximum to 24% of the ATP originally present. Combination 
of actin with myosin: 0.5 ml of actin (protein concentration 5.5 
mg per ml) was mixed with 1.0 ml of myosin (14 mg of protein per 
ml in 0.6 m KCl) and immediately diluted to 15 ml with H.0. 
The precipitate was removed by centrifugation at 2000 X gq for 
10 minutes. To the supernatant, 0.15 ml of 1 Mm acetate buffer, 


pH 4.75, was added. The precipitate was collected by centrifuga- 


tion, dissolved in 3 ml of 107! m Tris buffer, pH 7.0, and the protein 
concentration determined by measuring the absorption at 280 
my and applying proper corrections for the absorption of nu- 
cleotides. The recovery of actin subjected to this procedure is 
nearly 100%, whereas that of myosin is nil. A——A, ATPase 
activation; O O, combination with myosin. 
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Fic. 4. Mg++ binding of photooxidized actin. G-Actin (pro- 
tein concentration, 4.4 mg per ml) was photooxidized as descri 
in ‘“‘Experimental Procedure,” followed by dialysis against 10“ 
m ATP overnight. Equilibrium dialysis was carried out as de- 
scribed earlier (6). Medium: 10-3 m Tris buffer, pH 7.0, with 
varying Mg** concentration. No Donnan correction was applied. 
O——O, photooxidized actin; @——@, control actin. 
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appeared only in extensively photooxidized actin preparations 

Fig. 6). 
| fect of Coupling with Diazotized Sulfanilic Acid and p-Bromo- 
aniline on Polymerizability of Actin—Coupling of proteins with 
aromatic diazonium compounds has been used frequently in 
enzymatic studies to determine the involvement of histidyl and 
tyrosyl residues in enzymatic activity (21). The advantage of 
this method is that the reaction is carried out under mild experi- 
mental conditions and its extent can be followed by determining 
the color changes due to the formation of the azo derivatives of 
histidine, tyrosine, and possibly, to the coupling with the e-amino 
groups of lysine (22). Addition of increasing amounts of DSA 
(1.3 to 3.0 moles per mole of actin) to G-actin causes an increas- 
ing inhibition of the viscosity response following the addition of 
0.1 uw KCl. Complete inactivation occurred when 3 or more 
moles of DSA were added to 1 mole of actin (Fig. 7). A similar 
relationship between the molar ratio of the reactants and the 
loss of polymerizability was found with diazotized p-bromo- 
aniline. Coupling with DSA leads also to the loss of the activat- 
ing effect on myosin-AT Pase (Fig. 8). Fig. 9 shows the absorp- 
tion spectrum of the azo actins formed by coupling G-actin with 
increasing amounts of DSA. The absorption maximum at 320 
mp closely corresponds to that of the monoazo derivatives of 
tyrosine. The shoulder at 380 my is partly due to the monoazo 
derivatives of histidine, but indications of a second peak have 
also been observed in the spectra of the monoazo derivatives of 
tyrosine and chloroacetyltyrosine (12). No spectral evidence 
was found to indicate the formation of bis-azo derivatives or the 
coupling of the e-amino groups of lysine with DSA. 

The number of tyrosine and histidine azo groups formed in 
the presence of increasing concentrations of diazotized sulfanilic 
acid was calculated from the data of Fig. 9 with the use of the 
following molar extinction coefficients (11, 21): €,,, 17 x 103, 
6.5 X 103, 4.2 X 108, 17 X 10° (Fig. 10). As shown 
in Fig. 10, about 1 mole of azotyrosine and 0.02 mole of azo- 
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Fic. 5. Oxygen uptake during the photooxidation of actin. 


' The oxygen uptake during photooxidation was measured by the 
_ Warburg technique. Composition of reaction mixture: 5 X 10~ 


M salyrgan, 10-2? m Tris buffer, pH 7.8, 10-* m methylene blue. 
Protein concentration, 3.65 mg per ml. The light source was 
placed about 25 cm from the vessels. The reaction was started 
by the addition of methylene blue from the side arm to the main 
‘compartment. Dark control samples had the same composition 


as described, the light being excluded by covering the vessel with 
aluminum foil. 
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TABLE II 
Histidine, tryptophan, and tyrosine content of photooxidized actin 


G-Actin was photooxidized for 15 minutes and the amino acids 
determined as described under ‘‘Experimental Procedure.’’ 


Amino acid content 


Photooxidized actin Control actin 


moles/60,000 g protein 


Histidine......... 9.6 + 1.17 (3)* | 11.40 + 0.27 (3) 
Tryptophan....... 7.9 + 0.10 (5) 7.7 + 0.17 (5) 
Tyrosine......... 15.6 + 0.31 (3) 15.0 + 1.95 (3) 


* Results are given as the average + the standard error. The 
number in parentheses is the number of observations. 


0.30; 


0.20 


OPTICAL DENSITY 


O.10F 


240 86270 300 
WAVELENGTH 


Fic. 6. Ultraviolet absorption of photooxidized actin prepara- 
tions. G-Actin (protein concentration, 3.45 mg per ml) was 
photooxidized in the presence of 10-* m methylene blue and 10-7 
m Tris buffer, pH 7.8, for various lengths of time, followed by the 
removal of methylene blue as described in ‘‘Experimental Proce- 
dure.’’ The absorption of the material was measured in 50-fold 
dilution with a Beckman model DU spectrophotometer between 
240 and 300 mz wave lengths. O——O, control. Minutes of 
illumination: B18, 2; A——A, 30; O——O, 60; A——A, 90; 
@, 220. 


histidine were formed when the actin has lost its polymerizability 
and its activating effect on the myosin-ATPase. 

Effect of Tyrosinase on Actin—There are a number of reports 
in the literature concerning the action of tyrosinase on various 
proteins (23). The effects observed were generally interpreted 
as being due to the specific oxidation of tyrosine groups, although 
in most instances no analytical evidence was presented to support 
this view. It was found that tyrosinase treatment of actin at 
fairly high tyrosinase-actin ratios causes a loss of polymerizability 
(Fig. 11) that can be partially prevented by the addition of 5 x 
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10-3 m glutathione (a compound known to inhibit tyrosinase). 
Tyrosinase heated at 100° for 5 minutes was ineffective. Addi- 
tion of 1 umole of diisopropylfluorophosphate per mg of tyro- 
sinase did not prevent the inhibition. 

Reactivity of Tyrosine, Histidine, and Lysine Residues in Actin— 
Porter has reported that the formation of insulin fibers is accom- 


> 
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> 0 fF 
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ep) 
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TIME FOLLOWING KCI 
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Fic. 7. Effect of coupling with diazotized sulfanilic acid on the 
polymerizability of actin. Diazotization of G-actin was carried 
out in the presence of 10-2 m Tris buffer, pH 7.8, and increasing 
amounts of DSA (0 to 5 moles per mole of actin). Final G-actin 
concentration, 5.84 mg per ml. Total volume, 3 ml. After 30 
minutes of incubation at room temperature the actin was pre- 
cipitated with 15 ml of 10-2 m acetate buffer, pH 4.75, and the 
sedimented material was washed once with 15 ml of 10-? M acetate 
buffer, pH 4.75, containing 10°‘ m ATP. The precipitate was 
dissolved in 3 ml of 10-* m ATP solution at pH 7.0. KCl was 
added to a final concentration of 0.1 mM and the viscosity changes 
measured. DSA added per mole of actin: O——O, none; A——A, 
1 mole; @——®@, 3 moles; 0——D, 5 moles. 


ATPASE ACTIVATION 
IN PERCENT OF CONTROL 


oO 


2 3 q 
MOLES OF DSA ADDED/MOL ACTIN 
Fic. 8. Effect of diazotized actin on the ATPase activity of 


myosin. Diazotization of actin was carried out as described in 
the legend to Fig. 7. The ATPase-activating effect of the prep- 
arations was studied as described in Fig. 3. 


Studies on Actin. 
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Fic. 9. Reaction of G-actin with diazotized sulfanilic acid. 
G-Actin (1 ml) was incubated with 5-, 10-, 20-, 30-, and 60-fold 
molar excess of DSA in the presence of 10-2 m Tris buffer, pH 7.0, 
for 90 minutes at room temperature. Final protein concentration, 
5.84 mg per ml. The reaction was terminated by the addition 
of 15 volumes of 10°? m acetate buffer, pH 4.75, and the pre- 
cipitate was washed with 2 X 15 ml of acetate buffer. The sedi- 


ment was dissolved in 10-! m Tris buffer, pH 7.0 (total volume, 4 
ml) and the absorption measured at 250 to 500 my wave lengths. | 
When necessary, convenient dilutions with 10~! m Tris buffer, pH 
7.0, were employed. DSA added per mole of actin: O—O, 


none; ®@——@®, 5 moles; A——A, 10 moles; 0——O, 20 moles; } 
m@——8, 30 moles; A——A, 60 moles. 


oO 


MOLES OF AZO DERIVATIVES 
MOLE OF ACTIN 


A 


20 40 60 
MOLES OF DSA ADDED/MOLE OF ACTIN 


Fic. 10. The formation of azotyrosine and azohistidine link- 
ages in actin. The data were calculated from Fig. 9 with the 
use of the molar extinction coefficients described in the text. 
@——@, the number of moles of DSA bound per mole of actin 887 
determined by the Koltun method. O——O, azotyrosine (optt-| 
cal density measurement); A——A, azohistidine (optical density 
measurement). 
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Fic. 11. Effect of tyrosinase on actin. A G-actin solution (1.82 
mg per ml) was incubated with 1 mg of tyrosinase per 3.64 mg of 
actin at room temperature for 120 minutes. Control samples were 
incubated with tyrosinase which had been inactivated by boiling 
a 10 mg per ml aqueous solution for 5 minutes. After 120 minutes, 
3-ml aliquots were taken and viscosity changes were measured 
after the addition of KCl to a final concentration of 0.1 
vu. @—@, active tyrosinase; O——O, heat-inactivated tyro- 
sinase. 


panied by the masking of two histidine groups per molecule 
(24). Cases of anomalous behavior of tyrosine residues in 
various proteins have been reported frequently (25). Although 
the lysine amino groups react freely with FDNB in many pro- 
teins, 15% of the lysine groups are unreactive in tropomyosin 
(26). The possibility exists that during the polymerization of 
actin, the reactivity of groups directly involved in the process 
will change considerably. An example of this is the drastic 
change in the reactivity of two SH groups of actin which takes 
place during polymerization (3, 4). We have measured the 


_ tate of formation of e-N-dinitrophenyl] lysine and the disappear- 


ance of tyrosine and histidine in G- and F-actin samples con- 
taining various amounts of FDNB (Fig. 12). All experiments 
were carried out in the presence of salyrgan to avoid polymeriza- 
tion of G-actin and to prevent the secondary reaction of FDNB 
with SH groups. Depolymerization of F-actin occurs when 
about 15 moles of lysine are transformed into e-N-dinitropheny] 
derivatives. The rate of formation of e-N-dinitrophenyl] lysine 
is somewhat slower in F-actin. The reactivity of histidine and 
tyrosine residues is apparently the same in G- and F-actin. The 
presence of unreacted histidine at the time when all the lysine 
and tyrosine disappeared might simply be due to the generally 
slower rate of reaction of histidine with FDNB. 


DISCUSSION 


The loss of polymerizability of actin during short photooxida- 
hon at slightly alkaline pH might be due to the oxidation of 
histidine groups. The number of moles of oxygen consumed 
during the inactivation process is about 4 mole per 60,000 g of 
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actin. This corresponds to the oxidation of two groups per 
actin molecule, and it is not surprising that direct determination 
of the histidine content of photooxidized actin did not reveal 
any significant decrease attributable to photooxidation. 

The early changes in the protein structure leading to the loss 
of polymerizability are reflected also in the lack of precipitate 
formation on the addition of MgCle. The number of the Mg*+- 
binding sites and the affinity of the Mg++ to the native and 
photooxidized actins are apparently identical. 

We have shown that although short photooxidation causes 
complete loss of polymerizability, it does not affect the ability 
of actin to combine with myosin or to activate the myosin- 
ATPase at low ionic strength in the presence of Mg++. This 
dissociation of functions indicates that distinct groupings on the 
protein surface are responsible for the actin-actin interactions 
leading to the formation of F-actin on the one hand, and for the 
actin-myosin interaction on the other. These two classes of 
groups have markedly different sensitivities to photooxidation. 

The coupling with about 1 mole of DSA causes the simultane- 
ous loss of polymerizability and of the myosin-AT Pase-activating 
effect of actin. From the spectrum of the azoactin, it can be 
concluded that the coupling of DSA occurs largely through the 
formation of monoazotyrosine linkage. This indicates a proba- 
ble role of tyrosine groups in the processes of polymerization and 
myosin-ATPase activation. It is possible, however, that the 
introduction of the large diazonium salt moiety may lead to a 
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Fic. 12. Reaction of FDNB with lysine, histidine, and tyrosine 
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MINUTES 


MOLES OF TYROSINE/MOLE OF ACTIN 


MINUTES 


MOLES OF €-N-DNP-LYSINE/MOLE OF ACTIN 
MOLES OF HISTIDINE/MOLE OF ACTIN 


residues in actin. G- or F-actin (protein concentration, 2.85 to 
3.85 mg per ml) was incubated at room temperature with increas- 
ing concentrations of FDNB (67 to 340 molar excess) in the pres- 
ence of 0.1 m Tris buffer, pH 7.78, 4.35% ethanol, and 3 K 10-4 mw 
salyrgan for periods indicated on the abscissa. The viscosity of 
the F-actin samples was measured at various stages of the reac- 
tion. In some experiments the incubation mixture contained 1.13 
mg per ml of actin, 6.7% ethanol, 3.58 X 107! m FDNB, and 3.3% 
NaHCO;. At the end of incubation, 5-ml samples were taken 
and the e-N-dinitropheny! lysine, tyrosine, histidine, and arginine 
contents determined after hydrolysis and paper chromatography 
as described under ‘‘Experimental Procedure.’’ The quantity of 
actin equivalent to the material in one chromatographic strip 
was determined from the known arginine content of actin and 
from the amount of arginine present in the sample. The quanti- 
ties of e-N-dinitropheny] lysine, tyrosine, and histidine were cal- 
culated on this basis. Number of moles of FDNB per 6 X 10‘g 
of protein: O——O, 67, G-actin; @——@, 67, F-actin; A——A, | 
230, G-actin; A——A, 230, F-actin; @——®@, 360, G-actin; 
x——X, 360, F-actin; 0——DO, 18,000, G-actin; 18,000, 
F-actin. 
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secondary change in the configuration of the protein and that 
this, rather than the blocking of tyrosine groups per se, is re- 
sponsible for the observed changes. The loss of polymeriza- 
bility of actin after prolonged treatment with tyrosinase agrees 
with the previous interpretation. 


SUMMARY 


1. Short photooxidation of actin in the presence of methylene 
blue, under conditions favorable for the oxidation of histidine, 
causes the loss of polymerizability. The ability of actin to 
combine with myosin and to activate the myosin-adenosine- 
triphosphatase activity at low ionic strength, in the presence of 
Mg*+, is unimpaired. As the photooxidation proceeds, the 
combination with myosin and the activation of the myosin- 
adenosinetriphosphatase also decrease; these processes proceed, 
however, at a considerably slower rate. 

2. Coupling with diazotized sulfanilic acid of 1 mole of tyro- 
sine per mole of actin, requiring the addition of 3 to 5 moles of 
diazotized sulfanilic acid, strongly inhibits both the polymeriza- 
tion and the interaction of actin with myosin. 

3. The involvement of tyrosine groups in the polymerization 
of actin is further indicated by the fact that treatment of actin 
with tyrosinase results in the loss of polymerizability. 

4. The rate of the reaction of 1-fluoro-2 ,4-dinitrobenzene with 
the lysine, tyrosine, and histidine groups of actin is not markedly 
different in G- and F-actin. 
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Although about 10 years have elapsed since the presence of 
adenosine 5’-triphosphate in G-actin solution and its participation 
in the polymerization process were demonstrated (2), very little 
is known about the nature of this interaction. It has been shown 
that in F-actin about 1 mole of adenosine 5’-diphosphate is 
bound per 60,000 g of protein (3, 4), and about 1 mole of inorganic 
phosphate is liberated per mole of G-actin during the G-F trans- 
formation. 

Removal of ATP from G-actin solutions by dialysis (2), by 
precipitation at pH 4.75 (2), apyrase (2), hexokinase (5), or H- 
meromyosin treatment (1) leads to the irreversible loss of poly- 
merizability. The presence in G-actin of stabilizing factors 
different from ATP has been postulated (5, 6). In a recent 
paper, Pragay described a G-actin fraction which polymerizes 
without the splitting of ATP (7). 

We have studied the binding of ATP and various nucleoside 
phosphates to G- and F-actin by ultracentrifugal and Mg precipi- 
tation methods. Under identical experimental conditions, 
considerably more adenosine and inosine 5’-triphosphate than 
uridine, cytidine, guanosine 5/-triphosphate or adenosine or 
inosine 5’-diphosphate is bound to G-actin. ATP can be re- 
placed with ITP and the polymerizability of the resulting actin 
remains unaltered. Substitution of UTP, CTP, GTP, ADP, or 
IDP, for ATP results in the loss of the polymerizability. In 
our experience about 0.6 mole of ATP is bound to a mole of G- 
actin at a free ATP concentration of 10-4 m. In accordance 
with this, the liberation of about 0.5 mole of inorganic phosphate 
was found to accompany the polymerization of each mole of actin. 

A number of different substances including mercurials and 
Ca-chelating agents cause the displacement of ATP from the 
binding site with the concomitant loss of the polymerizability 
of actin. The participation of SH groups directly or indirectly 
in the ATP binding is implied in the effect of mercurials. The 
inhibitory effect of ethylenediaminetetraacetic acid and various 
other Ca complexing agents on the ATP binding and polymeriza- 
bility of G-actin is compatible with the view that the bound Ca 
of actin (8) is involved in these processes. It was found that 


* This investigation was supported in part by a United States 
Public Health Service research grant (B-2175) from the National 
Institute of Neurological Diseases and Blindness, by a research 
grant (H-1160-C6) from the National Heart Institute, by the Life 
Insurance Medical Research Fund, and by the Muscular Dys- 
trophy Associations of America, Inc. A preliminary report of 
part of this paper has been presented (1). This is paper 94 of the 
Retina Foundation. 


H-meromyosin accelerates the polymerization of actin, and this 
effect is strongly dependent on the ionic strength of the medium. 


EXPERIMENTAL PROCEDURE 


Actin was prepared as described earlier (9); however, no 
MgCl, was added during the course of the preparation. Heavy 
meromyosin fraction was isolated from a chymotrypsin digest of 
myosin as described earlier (9), with a digestion time of 3 min- 
utes. 

Hexokinase, grade III, was purchased from the Sigma Chemi- 
cal Company. 

Creatine kinase was prepared according to Noda et al. (10) 
by Dr. Heinz Kohler in our laboratory. : 

Binding of AT P—The binding of ATP to actin was studied by 
two methods. 1. Actin was precipitated with 0.05 m MgCl, (11) 
in the presence of 10-2 m Tris buffer, pH 7.8, and the decrease 
in the nucleotide and protein concentration of the solution after 
the removal of the Mg-actin precipitate by centrifugation for 15 
minutes at 16,000 x g was measured. Generally, about 90% 
of the protein originally present was removed by this procedure. 
In the presence of salyrgan about 40% of the protein was not 
precipitated by Mg. Both the initial solution and the super- 
natant obtained after Mg precipitation were deproteinized with 
2.5% perchloric acid, and the absorption of nucleotides was 
measured in a Beckman model DU spectrophotometer in the 240 
to 300 my wave length range. The nucleotide concentration 
was calculated with the following molar absorption coefficients: 
ATP 14.9 x 10° (260 mu), ITP 12 x 10° (250 mp), UTP 9.8 x 
10° (260 mu), CTP 13.7 < 10° (280 mu), GTP 13.4 x 10° (255 
my), determined in the presence of 2.5% perchloric acid. In 
the presence of salyrgan, ATP was determined by measuring the 
amount of inorganic phosphate after hydrolysis in 1 m HC] for 8 
minutes at 100°. Protein was determined by measuring the 
absorption at 280 my and applying proper corrections for the 
absorption of nucleotides or by the use of the biuret method. 
The amount of bound nucleotides was calculated by the follow- 
ing formula: moles of bound nucleotides per mole of actin = 
(No — Nwug)/(Po — Pug), where No is the original nucleotide 
concentration; Ny,, the nucleotide concentration in the super- 
natant after Mg*+ precipitation; Po, protein concentration in the 
original solution; Py,, protein concentration in the supernatant 
after Mg** precipitation. The molecular weight of actin was 
assumed to be 60,000 (12). 

2. When the ultracentrifugal method of Chanutin et al. (13) 
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was used, G-actin solutions containing varying concentrations of 
ATP were centrifuged in the Spinco model L preparative ultra- 
centrifuge for 6 to 9 hours at 100,000 x g. The contents of the 
centrifuge tubes were carefully removed in three or four suc- 
cessive layers and the nucleotide and protein contents were deter- 
mined. The nucleotide concentration of each layer was plotted 
against the protein concentration, and the apparent free ATP 
concentration of the system was determined by extrapolation to 
zero protein concentration. Unless otherwise stated the pH of 
the medium was maintained between 7.2 and 7.8. 

We observed that in the presence of salts there was an appre- 
ciable redistribution of nucleotides in the gravitational fields 
used for studying the binding of ATP to G-actin. Since the 
sedimentation of nucleotides causes an increase in the calculated 
amount of bound nucleotides, appropriate corrections were ap- 
plied wherever the salt concentration of the system made this 
necessary. 

Acid precipitation was carried out by adding 0.05 ml of 1 Mm 
acetate buffer, pH 4.75, to 5 ml of a G-actin solution (protein 
concentration about 5.0 mg per ml). After 5 minutes at room 
temperature, the precipitate was centrifuged at 2100 x g for 5 
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Fig. 1. The binding of ATP to G-actin. The experiments 
were carried out as described under ‘‘Experimental Procedure.’’ 
O——O, ultracentrifugation experiments; @——®@, Mg precipi- 
tation experiments. In experiments at low free ATP concentra- 
tion, the stock G-actin solution has been dialyzed against water 
for 2 to 5 days. 
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Fic. 2. The relationship between ATP concentration and in- 
organic phosphate liberation during the polymerization process. 
G-Actin (protein concentration 5.7 mg per ml) was polymerized 
by the addition of 0.1 m KCI at 23° in the presence of increasing 
concentrations of ATP. Samples were taken before and 60 min- 
utes after the addition of KCl, for the determination of P; by the 
method of Horwitt (17). 
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minutes. The supernatant was discarded, the sediment was : 
taken up in 10 ml of a 10- M solution of the appropriate nucleo. _ 
tide, and the pH was adjusted to 7.3 to 7.4 with 10 to 20 drops 
of 10°? m NH,OH. To the clear solution of actin, 0.1 ml of ly 
acetate buffer, pH 4.75, was added and the precipitate was re. — 


moved by centrifugation at 2100 * g for 5 minutes. The sedj. 
ment was dissolved as before, and the precipitation and redissoly. 
tion steps were repeated once more. In what follows, acid-pre. 
cipitated actin refers to actin prepared by this method. Actip 
precipitated at pH 4.75 in the presence of ATP or ITP forms, 
loose, voluminous sediment, whereas a densely packed pellet 
appears in the absence of nucleotides or in the presence of UTP, 
ADP,IDP,CTP, or GTP. Viscosity measurements were carried 
out in an Ostwald viscometer at 29°. Unless otherwise stated the 
pH of the system was maintained between 7.2 and 7.8. 

In some experiments the polymerization of actin was measured 
by the light scattering technique with a Brice-Speiser instrument 
(Phoenix Precision Instrument Company) coupled to a Brown 


_ recorder with a cylindrical glass cell of circular cross section with 


a total volume of 10 ml at 90° to the incident beam. 

Photooxidation of actin was carried out as described in an 
accompanying paper of this series (14). 

Analytical Procedures—Protein was determined by a micro- 
Kjeldahl or a biuret procedure. For paper chromatographic 
separation of nucleotides, Whatman No. 4 paper and isobutyric 
acid-concentrated NH,OH-H:2O (66:1:33) solvent were used. 
Sodium dodecyl sulfate was determined according to Karush 
et al. (15). Determination of inorganic phosphate was carried 
out by the method of Fiske and SubbaRow (16) or of Horwitt 
(17). 

Ethylenediaminetetraacetic acid and other chelating com- 


pounds were obtained from Déjin Yakukagaku Kenkyisho, 38 | 


Kamidoéri-Machi, Kumamoto-Shi Kumamoto Pref., Japan. 


RESULTS 
ATP Binding of G-Actin—The ATP binding of G-actin as 
determined by the Mg precipitation and ultracentrifugal tech- 
niques is shown in Fig. 1. 
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The apparent number of moles of | 


bound ATP is 0.5 to 0.7 at a free ATP concentration of 10“ | 


and approaches 1 mole per mole of actin at higher ATP concen- 
trations. The ATP binding of actin precipitated with 5 xX 10° 
M CaCl, is the same as with Mg. The slightly lower amounts 
of the bound ATP obtained in the ultracentrifugal experiments 
are probably due to the Donnan effect.!| The amount of inor- 
ganic phosphate liberated during the polymerization is about 0.5 
to 0.6 mole per mole of actin. This value is completely inde- 
pendent of the ATP concentration in the range of 10~* to 5 x 10° 
m (Fig. 2). The inorganic phosphate liberated during the poly- 
merization process apparently is not bound to the protein, since 


— 


after ultracentrifugal removal of the F-actin at least 90% of the 
inorganic phosphate formed is present in the protein-free super- 


natant (Table I). 


pH Dependence of Binding of ATP to Actin.—The binding of - 


ATP by G-actin considerably increases at lower pH values (Fig. 


3). Similar correlation between pH and ATP binding was ob- — 


served in the case of serum albumin. 


1 The results of the ultracentrifugal ATP binding studies have 
not been corrected for Donnan effect since the actual net charge 
of the actin is not known. It is reasonably expected that the cor- 
rected value of ATP binding is about 0.7 mole of ATP per mole of 
actin at a free ATP concentration of 1074 m. 
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Inhibitors of ATP Binding and Polymerization of Actin 


1. Effect of Chelating Agents—Actin solutions contain a small 
amount of Ca and Mg in a firmly bound form. It was assumed 
by Straub (8) that the bound Mg plays an important role in the 
polymerization process. In a series of experiments bearing on 
this problem we have found that chelating agents, like ethylene- 
diaminetetraacetate, 1 ,2-cyclohexanediaminetetraacetate, dieth- 
ylenetriaminepentaacetate, and ethyl ether diaminetetraacetate, 
are effective inhibitors of the polymerization and ATP binding 
of actin at concentrations close to a 1:1 molar ratio of inhibitor 
to actin. The inhibition of polymerization and ATP binding 
occurs in a parallel fashion at about the same inhibitor concen- 
tration. Nitrilotriacetate, iminodiacetate, dihydroxyethylgly- 
cine, and Ca-ethylenediaminetetraacetate were found to be 
ineffective even at much higher concentrations (Figs, 4 and 5). 
Hexametaphosphate completely inhibited at low concentration 
the ATP binding of G-actin without affecting, however, the 
ADP binding of F-actin (Fig. 6). No inhibition of the ATP 
binding was observed in the presence of 5 X 10-3 M sodium cit- 
rate or potassium oxalate or 10-* M inorganic pyrophosphate. 

9. Effect of Mercurials—lIt was first shown by Kuschinsky and 
Turba (18) and later confirmed by other workers (19) that mer- 


TABLE I 


Distribution of inorganic phosphate, liberated during polymerization 
process, after ultracentrifugal sedimentation of F-actin 


G-actin (protein concentration 3.7 mg per ml) was polymerized 
by the addition of 0.1 m KCl followed by centrifugation at 
100,000 X g for 3 hours. Samples of G-actin, F-actin, and ultra- 
centrifugal supernatant were taken at the end of the centrifuga- 
tion and the inorganic phosphate determined according to Hor- 
witt (17). 


Concentration of Pj Moles 
0.025 0 
Supernatant............. 0.055 
1.0 
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Fic. 3. The effect of pH on the binding of ATP by G-actin. 
The amount of bound nucleotides was determined by the ultra- 
centrifugal technique. The pH of G-actin solutions (protein 
concentration 4 to 6 mg per ml) was adjusted by the addition of 


dilute HCl or NaOH solutions to the values indicated on the ab- 
scissa. Total nucleotide concentration, 1.5 X 10-4 M. 
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Fic. 4. The effect of chelating agents on the binding of ATP 
by G-actin. The amount of bound ATP was measured by the 
ultracentrifugal technique described under ‘Experimental Pro- 
cedure.’’ Protein concentration: 4.25 to 5.80 mg per ml; ATP 
concentration: 1.3 to 1.6 K 10°‘ mM; pH 7.5 to 7.8.2 
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Fig. 5. The effect of chelating agents on the polymerization of 
actin. The polymerization of actin solutions (protein concentra- 
tion: 1.84 mg per ml) containing increasing concentrations of 
chelating agents was followed, after the addition of KCl and Tris 


_ buffer (pH 7.8) to a final concentration of 0.1 m and 0.01 M, re- 


spectively, in an Ostwald-type viscometer at 29°. The data 
represent specific viscosity values obtained 30 minutes after the 
addition of KCl. 


curials inhibit the polymerization of actin. They concluded that 
SH groups are involved in the polymerization process. This 
inhibition of the polymerizability by salyrgan is completely re- 
versed on the addition of excess glutathione. As shown in Fig. 
7, HgCl, and salyrgan inhibited the ATP binding of G-actin in 


2 The abbreviations used are: EDTA, ethylenediaminetetra- 
acetic acid; CyDTA, 1,2-cyclohexanediaminetetraacetic acid; 
EEDTA, ethyl ether diaminetetraacetic acid; DTPA, diethylene- 
triaminepentaacetic acid; EDTA-OH, hydroxyethylethylenedi- 
aminetriacetic acid; Ca-EDTA, Ca-ethylenediaminetetraacetic 
acid; NTA, nitrilotriacetic acid; IDA, iminodiacetic acid; DHEG, 
dihydroxyethylglycine; SDS, sodium dodecylsulfate. 
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concentrations exceeding the 5:1 molar ratio of mercurial to 
actin. Salyrgan had no effect on the ADP binding of F-actin, 
since no radioactivity appeared in the supernatant of an F-actin 
solution containing bound C!4-ADP (20) after ultracentrifugation 
in the presence of 10 moles of salyrgan per mole of actin. 

3. Effect of Sodium Dodecyl Sulfate—As shown in Fig. 8, the 
amount of bound ATP sharply decreases with increasing con- 
centrations of sodium dodecyl sulfate if the number of moles of 
bound sodium dodecy] sulfate exceeds 15 per 60,000 g of actin. 

4. Precipitation of Actin at pH 4.75—Actin repeatedly pre- 
cipitated at pH 4.75 in the absence of ATP or ITP loses its 
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Fic. 6. The effect of hexametaphosphate (HMP) on the nu- 
cleotide binding of G- and F-actin. The nucleotide binding to 
F-actin was measured after 2 davs of dialysis against 50 volumes 
of the following solution: 0.1 m KCl, 0.015 m phosphate buffer, 
pH 7.0. No nucleotides were added in addition to those present 
in the actin preparation. The initial hexametaphosphate concen- 
tration was identical inside and outside the dialysis bag and 
corresponded to that indicated on the abscissa. Protein concen- 
tration in the dialysis bag was 4.38 mg per ml. The nucleotide 
concentration was determined by measuring the absorption of the 
solution at 260 my after deproteinization with 2.5% perchloric acid. 
The ATP binding of G-actin (protein concentration 4.38 mg per 
ml) was measured by the ultracentrifugal technique. For details 
see ‘“‘Experimental Procedure.’’ O——O, G-actin; @ e, F- 
actin. 


MOLES OF INHIBITOR/ MOLE OF ACTIN 
Fic. 7. The effect of mercurials on the ATP binding of G-actin. 
The binding of ATP was measured by the Mg precipitation proce- 
dure. The protein and total ATP concentrations, respectively, 
were as follows: A——A, HgCls, 4.25 mg per ml and 1.09 X 10-4 
mM; O——O, salyrgan, 4.39 mg per ml and 1.2 X 10-*m. Mg was 
added 30 minutes after the addition of mercurials. For details 
see ‘‘Experimental Procedure.’’ 
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Fic. 8. The effect of sodium dodecyl sulfate on the binding of 
ATP by G-actin. The binding of sodium dodecyl] sulfate and 
ATP was determined in the same experiment with the use of the 
ultracentrifugal sedimentation technique. Initial protein con- 
centration, 4.5 mg per ml. Total ATP concentration, 1.5 & 10> 
M;pH7.2to7.8. @——@, the binding of sodium dodecy] sulfate 
to actin; O——O, the binding of ATP to actin. 


polymerizability (2). The ATP binding of this denatured actin 
was studied by the Mg precipitation procedure. It was found 
that the loss of polymerizability was accompanied by an irre- 
versible loss of the ability to bind ATP. No ATP binding was 
observed at pH 7 in actin preparations that had been kept for 


30 minutes at pH 3.0 or pH 11.0 or incubated at 75° for 15 min- 


utes at neutral pH. 


‘Protective’ Action of Nucleoside Phosphates—The results pre- } 
sented above, showing a correlation between loss of bound ATP | 


and loss of polymerizability, are consistent with the early ob- 
servations of Straub and Feuer (2) that isoelectrically precipi- 


tated and redissolved actin did not polymerize on addition of | 
KC! unless the precipitate had been dissolved in an ATP solu- | 


tion. Straub and Feuer have also shown (2) that the presence 


of ATP during the dialysis of G-actin is necessary in order that © 


its polymerizability may be preserved. They found ADP to be 
ineffective in ‘‘protecting’”’ G-actin, whereas in 


similar experiments, ATP could be replaced by ADP or ITP | 


(21). 


To obtain information about the structural specificity of | 


the nucleoside triphosphate interaction with actin, the polymer- | 
izability of actin precipitated three times at pH 4.75 and re- — 


dissolved each time in the presence of ATP, ADP, ITP, IDP, 
UTP, CTP, or GTP has been investigated. Polymerization of 


acid-precipitated actin on addition of KCl took place only if © 
10-4 m ATP or ITP was present during the precipitation pro- — 
When the | 
precipitate was dissolved in H.O or 10-4 m UTP, CTP, GTP, | 
ADP, or IDP, there was a drop in viscosity on addition of KCI, | 


cedure outlined under “Experimental Procedure.” 


rather than the usual increase indicating polymerization’ (Fig. 9). 


Liberation of Inorganic Phosphate by Acid-precipitated Actin — 


3 The depolymerization of an ultracentrifugally sedimented 
F-actin pellet in the presence of UTP, CTP, GTP, or ADP yields 
a partially polymerizable G-actin. This can be explained by the 
formation of ATP in all these cases presumably because of the 
presence of contaminating transphosphorylating enzymes. The 
use of the acid precipitation procedure eliminates this complica- 
tion. 
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Solutions after Addition of 0.1 « ACl—The polymerization of 
actin containing about 10-4 m ATP is accompanied by the libera- 
tion of inorganic phosphate (2). If the ATP is replaced by ITP 
during repeated acid precipitations, no significant change can be 
observed in the rate of the liberation of inorganic phosphate 
during the polymerization process. No phosphate is liberated, 
after the addition of KCl, in actin preparations that were pre- 
cipitated in the presence of 10-* m UTP, CTP, GTP, ADP, or 
IDP (Fig. 10). 

Binding of Various Nucleotides to Actin—The binding of various 
nucleotides to actin which has been precipitated three times at 
pH 4.75 and redissolved each time in a 10~‘ M solution of the 
nucleotide in question was measured by the Mg precipitation 
method, as described under ‘Experimental Procedure” (Table 
Il). Ata free nucleotide concentration of 1.1 to 1.3 x 10-4, 
about twice as much ATP and ITP as UTP, CTP, and GTP is 
bound to actin. The relatively small UTP, CTP, GTP, ADP, 
and IDP binding observed might represent a nonspecific anion 
binding similar to the binding of ATP and other anions to 
serum albumin. 

Preparation of F-Actin which contains IDP as Bound Nucleo- 
tide—Actin precipitated three times at pH 4.7 in the presence 
of 10-4 m ITP was polymerized with 0.1 m KCl and dialyzed for 
2 days against 20 volumes of 0.1 mM KCl and 10-? m Tris buffer, 
pH 7.0. The solution was deproteinized with 5% perchloric acid 
and the nucleotide present in the supernatant was characterized 
by absorption spectrophotometry and paper chromatography. 
It had a characteristic absorption maximum at 250 my and on 
paper chromatography a single ultraviolet-absorbing spot in a 
position identical with that of the reference IDP was obtained. 
Therefore, the firmly bound nucleotide of F-actin obtained by 
polymerizing a G-ITP actin solution with 0.1 m KCl is IDP. 

Effect of H-Meromyosin on Polymerization of Actin as Studied 
by Light Scattering Technique—Addition of 0.4 mg per ml of 
H-meromyosin to a dilute G-actin solution (0.1 mg per ml) im- 
mediately after the addition of 0.1 a KCl caused an instantane- 
ous increase in turbidity nearly equal to that observed after 
the addition of a corresponding amount of H-meromyosin to 
F-actin (Table III). After the addition of ATP the scattering 
returned to a value corresponding to the sum of the scattering 
of F-actin and H-meromyosin. No similar increase in turbidity 
was observed if meromyosin was added to a G-actin solution in 
the absence of salts or in 0.6 M KCl. The increase in light scat- 
tering on the addition of H-meromyosin to F-actin was essentially 
the same in 0.1 and in 0.6 mM KCI solution. No detectable poly- 
merization of actin took place in the first 10 minutes after the 
addition of 0.1 m KCl in the absence of H-meromyosin, provided 
the protein concentration did not exceed 0.1 mg per ml. 

Short photooxidation of G-actin in the presence of methylene 
blue causes the loss of polymerizability of actin with maintained 
actomyosin-forming and myosin-ATPase-activating effects (14). 
When H-meromyosin is added to photooxidized actin under the 
usual experimental conditions, no light scattering increase takes 
place, suggesting that the sudden increase in turbidity on mixing 
H-meromyosin with G-actin in 0.1 m KCI solution is somehow 
related to the polymerization of actin. 7 

G-Actin solutions incubated with H-meromyosin in salt-free 
medium or in 0.6 m KCl, at room temperature, progressively 
lose their ability to form a complex characterized by high tur- 
bidity with H-meromyosin when the KCl concentration is read- 
Justed to 0.1 m (Figs. 11 and 12). 
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Fig. 9. The effect of various nucleotides on the polymerizability 
of actin. The viscosity of actin precipitated three times at pH 
4.7 and dissolved each time in 10-4 m solutions of various nucleo- 
tides was measured in an Ostwald viscometer at 29°. At zero 
time KCl and Tris buffer, pH 7.8, were added to a final concentra- 


tion of 0.1 m and 0.01 M, respectively. 


ATP; +, ITP; A, UTP; 


@, CTP; 0, GTP; A, ADP; @, IDP; O, without nucleotide. 
Protein concentration, 1.9 to 2.4 mg per ml. 
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Horwitt (17). 


10 


20 


30 


MINUTES AFTER KCI ADDITION 


Fic. 10. Liberation of inorganic phosphate in actin solutions 
on the addition of KCl in the presence of various nucleotides. To 
solutions of actin precipitated three times at pH 4.7, with or with- 
out added nucleotides, KCl and Tris buffer, pH 7.8, were added 
to a final concentration of 0.1 mM and 0.01 M, respectively. Samples 
were taken at intervals, and P; was determined by the method of 


A, ADP; @, IDP; O, without nucleotide. 


tions, 2.0 to 2.6 


mg per ml. 


TaBLe II 
Binding of various nucleotides to actin 
For details see text. 


@, ATP; +, ITP; A, UTP; @, CTP; 0, GTP; 


Protein concentra- 


Nucleotide No. of. 
60,000 g actin determinations 
mole 
ATP 0.73 10 0.036 
ITP 0.72 8 0.064 
UTP 0.39 4 0.0075 
CTP 0.24 4 0.0087 
yo 4 0.046 
ADP 0.32 4 0.043 
IDP 0.25 4 0.071 
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TaBLe III 


Effect of H-meromyosin on light scattering of G- and F-actin 

solutions of varying tonic strength 

In the experiments with G-actin the actin stock solution con- 
taining 5 to 6 mg of protein per ml was diluted with H,O to such 
an extent that the subsequent addition of KCI, 10-2 m Tris buffer, 
pH 7.5, 10-*m MgCl. brought it to the protein concentrations indi- 
cated in the table. H-Meromyosin was added 1 minute after the 
addition of KCl and the readings were taken 2 minutes later. 

A similar procedure was followed in the experiments with previ- 
ously polymerized F-actin, except that the dilution of the stock 
F-actin solution was carried out with KCl solutions of varying 
ionic strength. The intensity of the scattered light was measured 
at 90° to the incident beam and the values are expressed in arbi- 
trary units. 


Light scattering in arbitrary units 
Composition of the system 
0.1 0.6 KCl H:0 
mg/ml 
| 
H-Meromyosin.............. 0.4 17 12 10 
H-Meromyosin.............. 0.4 68 50 
H-Meromyosin..............| 0.4 15 14 
| 
DISCUSSION 


The results show that the amount of ATP bound to G-actin 
depends on the concentration of ATP present, and in the free 
ATP concentration range studied it approaches 1 mole per 60,000 
gof protein. Estimation of the binding constant is hindered by 
the fact that the ATP-binding ability of actin molecules, deprived 
of ATP at low free ATP concentrations, is lost. The exact rate 
of this “denaturation” process is unknown, but it is certainly 
fast enough to prevent the use of any of the conventional equi- 
librium methods for the determination of the binding constant. 

The amount of inorganic phosphate liberated during the poly- 
merization process in the presence of increasing ATP concentra- 
tions remains remarkably constant and corresponds to about 
0.5 mole of inorganic phosphate per mole of actin. This value 
is about half of that obtained by Mommaerts (12). It cannot be 
attributed to the presence of inactive actin, since the nonpoly- 
merizable protein content of our G-actin preparation, as char- 
acterized by the amount of protein which remains in the super- 
natant of an F-actin solution after centrifugation at 100,000 x g 
for 3 hours, is 10% or less. Clearly, further experiments are 
necessary to explain the reasons for this discrepancy. It should 


be mentioned that a complete lack of ATP splitting during the 
polymerization of actin has been reported from two laboratories 
(7, 22). 
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INTENSITY OF THE SCATTERED 
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Fia. 11 12 


Fic. 11. Effect of preincubation in salt-free medium on the 
light scattering of actomeromyosin in 0.1 mM KCl. G-Actin soly. 
tion (protein concentration, 0.1 mg per ml) was incubated with 
0.4 of H-meromyosin per ml at 25° for periods indicated on the 
abscissa. At the end of the incubation KCl was added to a final 
concentration of 0.1 mM and the light scattering of the solution 
measured, O——O. Control G-actin was incubated for 80 min- 
utes at 25° without H-meromyosin. At the end of the incubation 
KCI and H-meromyosin were added to a final concentration of 0.1 
m and 0.4 mg per ml, respectively, and the intensity of the scat- 
tered light measured, §J——@. 

Fic. 12. Effect of preincubation in 0.6 m KCI on the light 
scattering of actomeromyosin in 0.1m KCl. To9 ml of a solution 
containing 28.5 mg of H-meromyosin, 6 ymoles of KCl, 10 ymoles 
of MgCl., and 10 uwmoles of Tris buffer, pH 7.5, 1 ml of G-actin 
solution (5.6 mg of protein) was added and the mixture was in- 
cubated at 25°. Samples (1.67 ml) were taken at times shown on 
the abscissa and the light scattering was measured after dilution 
to 10 ml with H.O (KCI concentration, 0.1m), O——O. Control 
actin samples were incubated as described above, but H-mero- 
myosin was added immediately before dilution to 0.1 m KCl, 


The interaction of nucleotides with G-actin depends on certain 
structural features of both the protein and the ligand. The ATP 
binding and polymerization of G-actin were inhibited by mer- 
curials, suggesting the direct or indirect participation of SH 
groups in these processes. The similar effect of various chelat- 
ing agents like hexametaphosphate, ethylenediaminetetraacetic 
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acid, 1,2-cyclohexanediaminetetraacetic acid, and diethylene- 
triaminepentaacetic acid indicates the involvement of the bound 


Ca or Mg in the processes of the ATP binding and polymeriza- 
tion. This interpretation is supported by the fact that hydroxy- 
ethylenediaminetetraacetic acid, nitrilotriacetic acid, iminodi- 
acetic acid, dihydroxyethylglycine, and Ca-ethylenediamine 
tetraacetic acid which are forming less stable complexes with Ca 
or Mg (23) are ineffective. An alternative explanation, however, 


might be sought in an anion displacement mechanism which 1s — 


perhaps more likely in the case of the SDS. 

Incubation for 30 minutes at pH 3.0 or pH 11.0 completely 
destroys the ability of G-actin to bind ATP at neutral pH. Since 
at pH 3 considerable ATP binding persists over at least a 6-hour 
period, it is probable that the binding of ATP to actin at acid 
pH involves a different mechanism, possibly similar to the ATP 


binding of serum albumin. This is supported by the observation | 
of Drabikowski that the ATP binding of heat-inactivated actin | 
is not different from that of the control at around pH 3.0, al- | 
though no ATP binding occurs at pH 7.0.4 Removal of ATP 
from an actin solution by repeated precipitation of the protein | 


4W. Drabikowsky, personal communication. 
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at pH 4.7 leads to the loss of polymerizability; the ability of this 
actin to bind ATP at neutral pH is irreversibly lost. It would 
seem that ATP when bound to G-actin prevents an irreversible 
configurational change, which, if it occurs, is usually manifested 
in a slightly increased viscosity accompanied by the loss of 
polymerizability. 

This stabilizing effect was studied with the pH 4.7 precipita- 
tion procedure by substituting ITP, CTP, GTP, UTP, ADP, or 
IDP for ATP. Only ATP and ITP protected actin from the 
loss of polymerizability during precipitation, whereas ADP, IDP, 
UTP, CTP, and GTP were ineffective. Under identical experi- 
mental! conditions, the binding of ATP and ITP to actin was 
about twice as great as that of UTP, CTP, GTP, ADP, and 
IDP* Thus, the loss of polymerizability of actin containing 
solely UTP, CTP, GTP, ADP, or IDP might be ascribed to its 
inability to bind these nucleotides. The interaction of G-actin 
with various nucleotides disclosed two important specificity 
requirements: viz. first, the triphosphate chain and second, ade- 
nine-like configuration in the 1, 2, 3 positions of the ring. Actin 
polymerized in the presence of ITP contains IDP as firmly 
bound nucleotide. Study of the IDP-F-actin might provide 
further information regarding the role of the actin-bound nu- 
cleoside diphosphates in the formation of actomyosin. 

In view of the parallelism between the splitting of ATP and 
the polymerization process, the question arises whether an in- 
crease in the rate of ATP splitting would result in an acceleration 
of the polymerization. It was found, with the use of H-mero- 
myosin as ATPase, that addition of H-meromyosin to a dilute 
actin solution immediately after the addition of 0.1 Mm KCl causes 
an instantaneous increase in light scattering which is nearly as 
large as that observed after the addition of a corresponding 
amount of H-meromyosin to F-actin. 

The large increase in light scattering observed on mixing F- 
actin and H-meromyosin is generally interpreted as being due to 
the formation of F-actomeromyosin. The decrease of light 
scattering on the addition of ATP most probably represents the 
dissociation of actomeromyosin into F-actin and H-meromyosin. 

The magnitude of the instantaneous light scattering increase 
after the combination of G-actin with H-meromyosin seems to 
indicate the formation of a complex similar to F-actomeromyo- 
sin, This requires the rapid transformation of the globular actin 
into fibrous actin. Since the polymerization of actin at low 
protein concentration is a relatively slow process, it is assumed 
that the G-F transformation is considerably accelerated in the 
presence of H-meromyosin. This interpretation is supported 
by the following facts. (a) On the addition of ATP to a G-acto- 
meromyosin system in 0.1 m KCl, the light scattering drops to 
about the same level as observed with the F-actomeromyosin. 
(b) No light scattering increase takes place with photooxidized 
actin that has lost its polymerizability but is still able to com- 
bine with myosin. (c) No light scattering increase is observed 
on the addition of H-meromyosin to G-actin in salt-free medium 
or at high ionic strength (0.6 m KCl) at which no polymerization 
of actin takes place. Incubation of G-actin with H-meromyosin 
in salt-free medium or in 0.6 m KCI solution leads to a gradual 
loss of the turbidity increase on readjusting the ionic strength 
to 0.1, indicating that under these conditions the H-meromyosin, 
instead of promoting, actually inhibits the polymerization of 
actin. 

The increased rate of polymerization in the presence of H- 
meromyosin in 0.1 mM KCI is most probably due to a specific 
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interaction between G-actin and H-meromyosin accompanied by 
the cleavage of ATP, and followed by the aggregation of the 
G-H units into what appears to be F-acto-H-meromyosin. 

The results can hardly be explained by the splitting of ATP 
alone, since splitting of ATP by H-meromyosin also occurs in 
salt-free medium or in 0.6 m KCl, but without resulting in in- 
creased light scattering indicative of the formation of F-actin. 
Furthermore, other ATP dephosphorylating systems—hexo- 
kinase-glucose, creatine-creatine kinase, apyrase—seem to in- 
hibit rather than promote the polymerization of actin. These 
results support and extend the earlier observations of Laki and 
Clark (24) regarding the acceleration of the polymerization of 
actin by myosin. 


SUMMARY 


1. The nucleoside phosphate binding of G- and F-actin was 
studied by equilibrium dialysis, ultracentrifugal sedimentation, 
and Mg precipitation methods. 

2. It was found that the binding of various nucleoside phos- 
phates to actin has two specificity requirements—a triphosphate 
chain and an adenine-like configuration in the 1, 2, 3 position 
of the ring—satisfied only by adenosine 5/-triphosphate and 
inosine 5’-triphosphate, but not by uridine 5’-triphosphate, 
cytidine 5’-triphosphate, guanosine 5’-triphosphate, adenosine 
5’-diphosphate, and inosine 5’-diphosphate. 

3. The polymerizability of actin is lost if adenosine 5’-triphos- 
phate or inosine 5’-triphosphate is replaced by uridine 5’-tri- 
phosphate, guanosine 5’-triphosphate, cytidine 5’-triphosphate, 
adenosine 5’-diphosphate, or inosine 5’-diphosphate. 

4. The dependence of the adenosine 5’-triphosphate binding of 
G-actin on pH and free adenosine triphosphate concentration was 
determined. 

5. The inhibitory action of mercurials and Ca-complexing 
agents on the binding of adenosine 5’-triphosphate and poly- 
merization of actin suggests the involvement of SH groups and 
the bound Ca or Mg of actin in these processes. 

6. Depending on the ionic strength of the medium, H-mero- 
myosin promotes (0.1 m KCl) or inhibits (salt-free medium or 
0.6 m KCl) the polymerization of actin. 


Acknowledgments—The authors wish to express their gratitude 
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the preparation of the manuscript, and to W. M. Kueh! for 
carrying out some of the light scattering experiments. 


Addendum—The results presented in this paper together with 
our earlier experiments (Martonosi, A., Gouvea, M. A., and 
Gergely, J., Abstracts of the Biophysical Society, 1959; J. Biol. 
Chem., 235, 1700 (1960)) clearly establish the role of ATP as 
the prosthetic group of G-actin. The references made in con- 
nection with our report by Ulbrecht et al. (Biochem. et Biophys. 
Acta, 45, 443 (1960)), attributing to us the view that the pros- 
thetic group of G-actin is ADP, are erroneous. 

It should be mentioned that there is a good agreement between 
our results and those of Ulbrecht et al. regarding the fact that 
both the amount of ATP bound in the usual G-actin preparations 
and the amount of inorganic phosphate liberated in an apparently 
complete polymerization process are considerably less than 1 
mole per mole of actin. | 


N 
the 
solu- 
with 
1 the 
final 
ition 
min- 
tion 
f 0.1 
ight 
tion 
oles 
ctin 
In- 
on 
tion 
trol 
ero- 
ain 
TP 
er- 
SH 
lat- | 
atic 
ne- 
ind | 
Za- | 
ine 
Ca 
er, 
is 
| 
ur 
id 
P ! 
on 
| 
in 
| 


1352 


Or OO 


10. 


REFERENCES 


. Martonost, A., Federation Proc., 19, 255 (1960). 
. STRAvuB, F. B., anp FEvER, G., Biochim et Biophys. Acta, 4, 


455 (1950). 


. Mommaerts, W. F. H. M., J. Biol. Chem., 198, 469 (1952). 
. STROHMAN, R. C., Biochim. et Biophys. Acta, 32, 436 (1959). 
. K., Bowen, W. I., anp Cuark, A., J. Gen. Physiol., 33, 


437 (1950). 


. SNELLMAN, O., AND GELOTTE, B , Nature (London), 168, 462 


(1951). 


. PraGay, D., Experientia, 14, 272 (1958). 
. FEveR, G., Mounar, F., Perrxo, E., anp Srravs, F. B., 


Hung. Acta Physiol., 1, 150 (1948). 


. GERGELY, J., Martonosi, A., AND Gouvea, M. A., in R. 


Benescu, R. E. BenEscu, P. D. Boyer, I. M. Kuorz, W. R. 
MIppDLEBROOK, A. G. SzENT-GyORGYI, AND D. R. Scuowarz, 
(Editors), Symposium on sulfur in proteins. Academic Press, 
Inc., New York, 1959, p. 279. 

Nopa, L., KuBy, 8., anp Larpy, H., in 8. P. CoLowick 
N. O. Kapitan (Editors), Methods in enzymology, Vol. II. 
Academic Press, Inc., New York, 1955, p. 605. 


Studies on Actin. 


11. 


12. 
13. 


14. 
15. 
16. 


. Horwitt, B. N., J. Biol. Chem., 199, 537 (1952). 
. Kuscuinsky, G., Tursa, F., Biochin et Bioohys., Acta. 


. Barany, M., Spiro, J., KoTELEs, Gy., AND NaGy, E., Act 


. SzenT-GyOroyI, A. G., Arch. Biochem. Biophys., 31, 90 (1951), 
. Dusuisson, M., aND MaTruIEu, L., Experientia, 6, 433 (1949). 
. Esasut, 8., Epasui, F., Fusie, Y., J. Biochem. (Japan) 


. Laki, K., anp CuarK, A. M., Arch. Biochem., 30, 187 (1951), 


VI 


Vol. 236, No. 5 


Barany, M., Biro, N. A., Mounar, J., Acta. Physig | 


Acad. Sct. Hung. 6, 63 (1954). 
Mommaerts, W. F. H. M., J. Biol. Chem., 198, 445 (1952). 


CHANUTIN, A., LupEwic, S., anp Masket, A. V., J. Bigi | 


Chem. 148, 737 (1942). 


Marronosi, A., anp Govuvea, M. A., J. Biol. Chem. 236, 1338 | 


(1961). 

KarusH, F., AND CRONENBERG, M., J. Am. Chem. Soc, 1, 
1369 (1949). 

Fiske, C. H., anp SupsaRow, Y., J. Biol. Chem., 66, 37; 
(1925). 


426 (1951). 
Physiol. Acad. Sci. Hung., 10, 145 (1956). 


. Martonosi, A., Gouvea, M. A., AND GERGELY, J., J. Biol. 


Chem., 235, 1700 (1960). 


47, 54 (1960). 


— 


Tue J 


Labo: 


Alt 
templ 
to ha 
wheth 
of the 
tures! 

It h 
inact 
by ati 
with 
The re 
ary 
this fe 
from 
concel 
isomer 
activit 
prefer 
of the 
ribonu 
config 
of enz: 

The 
graphi 
ribonu 
second 
all of 
feature 
templa 
acid se 


All 
protein 


Spectro 


1 Pri 
acid se 
protein 
(2), an 

At! 
RNase 
(7). F 


sample; 


hours ti 
Since t 


= 
] 
2 
8 
19 
20 
21 
22 
23 
2 
| 
| 


VO. 


Tur JOURNAL OF BroLoGicaL CHEMISTRY 
Vol. 236, No. 5, May 1961 
Printed in U.S.A. 


Regeneration of Native Secondary 


and Tertiary Structures 
by Air Oxidation of Reduced Ribonuclease 


FREDERICK H. WHITE, JR. 


Laboratory of Cellular Physiology and Metabolism, National Heart Institute, National Institutes of Health, U nited States 
Public Health Service, Bethesda 14, Maryland 


WitH A Note By J. BELLO, D. HARKER AND E. DE JARNETTE 


(Received for publication, October 31, 1960) 


Although there is an abundance of evidence in support of the 
template hypothesis of protein biosynthesis (1), there appears 
to have been no satisfactory experimental basis for deciding 
whether the role of the template includes the coiling and folding 
of the protein chain to produce the secondary and tertiary struc- 
tures! or is restricted to the formation of amino acid sequence. 

It has been reported (4) that fully reduced and enzymatically 
inactive bovine pancreatic ribonuclease can be oxidized in vitro 
by atmospheric oxygen to produce a soluble protein in high yield 
with a specific activity approaching that of native ribonuclease. 
The reduced molecule is apparently devoid of the native second- 
ary and tertiary structures (5). Intramolecular oxidation of 
this form of ribonuclease to yield four disulfide bonds per mole 
from the eight sulfhydryl groups per mole would, with every 
conceivable combination of half-cystine residues, result in 105 
isomers (6). However, the high regeneration of enzymatic 
activity suggests either that this oxidative process entails the 
preferential reformation of the disulfide bonds and other features 
of the secondary and tertiary structures that exist in native 
ribonuclease, or that there is more than one three-dimensional 
configuration of ribonuclease that would permit the expression 
of enzymatic activity. 

The results of comparative studies on the main chromato- 
graphic components of native and fully reduced, air-reoxidized 
ribonucleases indicate that these enzymes possess identical 
secondary and tertiary structures. This evidence suggests that 
all of the information needed for establishing these structural 
features resides in the primary structure and therefore that the 
template may be concerned only with determination of amino 
acid sequence in the protein chain. 


EXPERIMENTAL PROCEDURE 


All measurements of optical density for determination of 


protein concentration were made in a Beckman model DU 


spectrophotometer at 280 my.? For spectral and optical rota- 


‘Primary, secondary, and tertiary structures refer to the amino 


acid sequence, helical coiling, and folding, respectively, of the 
protein chain. 
_ (2), and a detailed discussion of them is given by Kendrew (3). 


These terms were first used by Linderstrém-Lang 


? At 280 my the molar extinctions of native RNase A and Reox 
RNase A were found to be 9140; that of reduced RNase is 8550 
(7). For determination of these values, the desalted protein 


_ samples were dried over P.O; at 100° in a vacuum for at least 17 


hours to obtain values from 14.6 to 15.0% for the moisture content. 
Since the variation appeared to result only from experimental 


tory studies, RNase and its derivatives were routinely dissolved 
in 0.1 m KCl through which nitrogen had been passed for 15 
minutes at room temperature. All dialyses were performed for 
7 hours at 5° against distilled water through cellophane mem- 
branes that had been heated to reduce the pore size.’ 

Reduction and Air Oxidation of RNase—Bovine pancreatic 
RNase was obtained from the Armour Company (lot No. 381- 
059) and the Worthington Biochemical Corporation (lot No. R 
573). Two hundred milligrams of this enzyme were dissolved 
to a concentration of 10 mg per ml in a solution that was 8 Mm 
with respect to urea and 0.285 m with respect to mercaptoethanol 
(Eastman Organic Chemicals) at pH 8.5 (previously adjusted 
with trimethylamine). Nitrogen was then passed through the 
reaction mixture for at least 15 minutes, and the reaction was 
allowed to proceed at room temperature (22—25°) in a stoppered 
tube for 4 hours. The protein was precipitated from the reac- 
tion mixture with a solution of acetone and 1 N HCl (39:1) at 
—5° and washed with this solvent and ice-cold ether as already 
described (8, 9). Reduction of the A‘ and B components (100 
mg each) obtained by chromatography of either native or Reox 
RNase® on CM-cellulose columns, was performed as above after 
the pooled fractions comprising these peaks had been partially 
desalted by dialysis and lyophilized. For oxidation, the reduced 
RNase, reduced RNase A, or reduced RNase B was dissolved to 
a concentration of 2 mg per ml in distilled water, and an equal 
volume of 0.02 m Nas2HPO, was added. The solution was 
adjusted to pH 8.0 by addition of a few drops of 0.2 m NaOH. 
The oxidation vessel was a 250-ml graduated cylinder, and air, 
from a compressed air line, was introduced through a glass tube, 
extending to within 1 cm of the bottom, at a rate of one bubble 
per 2 to 5 seconds. After 20 to 24 hours of oxidation, the reac- 


error, an average figure of 14.8% was used for correction of the 
weights of the A components of native and Reox RNases. 

3 The dialysis tubing had been heated for 3 days at 80-85°, as 
was originally suggested by Dr. D. Kupke. 

‘ Hirs, Moore, and Stein (10) found two active components in 
beef pancreatic RNase by chromatography on columns of IRC-50 
resin, which they designated as components A and B, for the major 
and minor peaks, respectively. This terminology is used in the 
present paper to distinguish between the major and minor peaks 
resulting from chromatography of RNase on CM-cellulose. 

5 The abbreviations used are: Reox RNase, fully reduced, air- 
reoxidized ribonuclease; CM, carboxymethyl; CAM, carboxamido- 
methyl; CMC, S-carboxymethylcysteiyl or S-carboxymethyl- 
cysteine; CAMC, S-carboxamidomethyleysteiyl or S-carboxa- 
midomethyleysteine. 
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tion mixture was lyophilized, redissolved in a few milliliters of 
water, and dialyzed. The dialyzed solution was lyophilized, and 
the dried protein was stored at —5° until its eventual fractiona- 
tion on CM-cellulose.® 

Alkylation of Reduced RNase—Reduced RNase, after the 
washing with acetone-HCl and ether, was dissolved to a con- 
centration of 10 mg per ml in an aqueous 3 M solution of urea,’ 
through which nitrogen had been passed for at least 15 minutes 
at room temperature. An amount of iodoacetic acid (twice 
recrystallized from petroleum ether, b.p. 35-70°, and diethyl 
ether), or iodoacetamide (twice recrystallized from petroleum 
ether, b.p. 35-70°, and ethanol) which produced a molar ratio of 
alkylating agent to protein of 70:1 was dissolved to 100 mg per 
ml in water, and the solution was adjusted to pH 8.5 with tri- 
methylamine. This solution was added to the reduced RNase 
solution, and the mixture was allowed to stand at room tempera- 
ture for 15 minutes with occasional addition of trimethylamine 
to maintain the pH at 8.5. The alkylated protein was precipi- 
tated with acetone-HCl at —5° and washed with this solvent 
and ether as for reduced RNase (8, 9). The washed protein 
was redissolved in water and lyophilized. With reduced RNase 
as the starting material, use of either alkylating agent resulted 
in yields of 80 to 90% for the alkylated protein. 

RNase Assay—Ribonucleic acid was prepared by the method 
of Crestfield, Smith, and Allen (11) and was used as the substrate 
for RNase assay by the method of Anfinsen et al. (12). For assay 
with either barium uridine-2’,3’-cyclic phosphate or barium 
eytidine-2’ ,3’-cyclic phosphate (Schwarz BioResearch) as 
substrate, 1.5 ml of the RNase solution (25 to 50 wg per ml) in 
0.1 m sodium acetate buffer of pH 5.0 were mixed with 1.5 ml of 
the substrate solution (0.4 mg per ml, in the same kind of buffer), 
in a 3-ml quartz cuvette, and the optical density increase was 
followed in a Cary model 14 M recording spectrophotometer 
at 2800 A. Although the enzymatic hydrolysis of cyclic phos- 
phates obeys first order kinetics (13), the increase of optical 
density was nearly linear within the first 2 minutes of reaction, 
and the slope during this period, for a given sample of RNase, 
could be compared directly with that for native RNase A, ob- 
tained under identical conditions, to determine the percentage of 
the specific activity of the native enzyme. 

Chromatography of RNase and Its Derivatives on CM-Cellulose— 
CM-cellulose was prepared by the method of Peterson and Sober 
(14) and stored at about 5° as a slurry in 0.01 m sodium phosphate 
buffer at pH 6.0. Enough of this mixture was poured into a 
glass column (2.5 < 40 cm), fitted with a sintered glass disk at 
the bottom, to produce a height of 18 to 20 cm after its com- 
pression by air at 10 p.s.i. A sample of native RNase, reduced, 
alkylated RNase, or Reox RNase, not exceeding 200 mg and dis- 
solved in 2 ml of 0.01 m sodium phosphate buffer of pH 6.0, was 
added to the column. After passage of 250 ml of the above buffer 
through the column, gradient elution with 0.1 m sodium phos- 
phate buffer of pH 7.5 was started, with the concentrated buffer 
first passing into a reservoir containing 250 ml of the dilute buffer. 


6 Typical yields are as follows: reduced RNase, 90%; soluble 
protein resulting from oxidation of reduced RNase, 52%, with 
reduced RNase as the starting material; Reox RNase A from 
fractionation on CM-cellulose, 40%, with soluble Reox RNase as 
the starting material. Over-all yield of Reox RNase A from 
native RNase = 19%. 

7 Fully reduced RNase, at the concentration and pH presently 
reported for alkylation, has a tendency toward turbidity except in 
the presence of 3 M urea. 


Oxidation of Reduced Ribonuclease 
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The entire operation was carried out at 5° at a flow rate of 4 tog 
ml per hour, and with fraction volumes of 3.5 to 5ml. The frag. 
tions comprising the A peak (whether of native or Reox RNage) 
from three columns were pooled and lyophilized. Each sample 
was dissolved in a few milliliters of water, and most of the salt was 


removed by dialysis. The last traces of salt were removed by 


passing the protein solutions through mixed bed ion exchange | 
columns of Dowex 50 and Nalcite SAR-10 according to the } 


procedure of Aqvist and Anfinsen (15). The two products were 
then lyophilized in preparation for the studies involving pro. 
teolytic degradation and separation of peptides, spectra, rotation, 
viscosity, and immunological specificity. 


Digestion of Native and Reox RNases with Nagarse® and Sy- 


tilisin—R Nase (5 mg) was dissolved in 1 ml of 0.1 M ammonium 
bicarbonate, and the temperature was brought to 37°. 
0.05 ml of Nagarse or subtilisin (1 mg per ml in water) was added. 
Phenol red (0.005 ml of a 0.1% solution in 20% ethanol) was 
included as a control on the pH. The reaction was allowed to 
proceed for 2 hours, and the digest was lyophilized for 16 to 18 
hours. 

Two-Dimensional Separation of Peptides from Nagarse and 
Subtilisin Digests of Native and Reox RNases—The separatory 
procedures used are essentially those of Katz, Dreyer, and 
Anfinsen (18). Two milligrams of the lyophilized Nagarse or 
subtilisin digest were dissolved in 0.02 ml of water and dried on 


a sheet of Whatman No. 3M™M paper (46 X 57 cm) in an area } 


of approximately 1 cm?. This paper was then subjected toa 
descending chromatography for 16 to 18 hours in the organic 
phase of a butanol, glacial acetic acid, and water mixture (4:1:5). 


The paper was dried in air at room temperature for 2 hours and f 


then subjected to electrophoresis for 1 hour at a gradient of 35 
volts per cm under Varsol, with a pyridine, acetic acid, water 
buffer of either pH 3.6 (1:10:289) or pH 6.5 (25:1:475). The 
paper was dried in a circulating oven at 80° for 15 minutes. The 
peptide spots were developed by dipping the paper in a 0.5% 
solution of ninhydrin in absolute ethanol and oven drying as 
before. To locate those peptides containing disulfide bonds, 
a duplicate paper was stained by dipping in a mixture of cyanide 
and nitroprusside by the procedure of Toennies and Kolb (19). 

Ultraviolet Spectrum—The desalted, lyophilized A components 
of native and Reox RNases, as well as reduced, lyophilized 
RNase A, were dissolved in oxygen-free 0.1 m KCl to a concen- 
tration of 1.0 mg per ml, determined spectrophotometrically. 
The ultraviolet spectra of these solutions were then obtained 
in a Cary recording spectrophotometer, model 14-M. 

Optical Rotation—The desalted, lyophilized A components of 
native and Reox RNases were dissolved in oxygen-free 0.1 
KCl to 10 mg per ml. Reduced, lyophilized RNase A was 
similarly dissolved to a concentration of 7 mg per ml. The 
concentrations of these solutions were found spectrophotomet- 
rically after the appropriate dilution. The optical rotation 
values were determined in a Rudolph precision ultraviolet polan- 
meter, model 80, equipped with the Rudolph photoelectric 


8 Subtilisin is an extracellular proteinase from Bacillus subtilis, 
originally reported by Linderstrgm-Lang and Ottesen (16) and 
was made available through the generosity of Dr. M. Ottesen, 
Carlsberg Laboratories, Copenhagen. Nagarse is a crystalline 
proteinase, isolated from a different strain of B. subtilis and first 
reported by Okunuki et al. (17). It was prepared by Nagase and 
Company, Japan, and imported by the Biddle Sawyer Corpora 
tion, New York. 
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polarimeter attachment and an oscillating polarizer prism. Each 
sample was contained in a 1-dm tube with an inside diameter of 2 
mm. Rotatory dispersion studies were made at room tempera- 
ture from 315 to 650 mp with a mercury vapor lamp, with the 
exception that a sodium vapor lamp was used to obtain the 
rotation value at 589 my (sodium D line). 

Viscosity—The desalted, lyophilized A components of native 
and Reox RNases were dissolved to a starting concentration of 
12 mg per ml in 0.1 M KCI. Reduced CM RNase A was desalted 
on a mixed bed ion exchange column, as were the above A com- 
ponents (see ‘Chromatography of RNase, etc.’”’), lyophilized, and 
dissolved to a starting concentration of 8 mg per ml in 0.1 M 
KCl. The reduced viscosities were then determined at succes- 
sive dilutions as low as 5.5 and 6.2 mg per ml, respectively, for 
Reox and native RNases, and 3.2 mg per ml for reduced RNase. 
The concentrations were determined spectrophotometrically 
after appropriate dilution. All measurements of viscosity were 
made at 25° (+0.01°) in an Ostwald viscometer with an outflow 
time of 114 seconds for 1 ml of 0.1 mM KCl. The intrinsic viscosi- 
ties, were then found by extrapolation of the reduced viscosities 
to zero concentration (20). 


RESULTS 


Reduction and Alkylation of RNase—The eight sulfhydryl 
groups that are produced by reduction of the four disulfide 
bonds of the cystine residues in native RNase will react with 
jodoacetate and iodoacetamide to produce CMC and CAMC 
residues, respectively. The CAMC is converted to CMC by 
acid hydrolysis. Therefore, the CMC content of acid hydroly- 
sates of reduced RNase, which has been alkylated with either of 
these reagents, may be taken as an indication of the extent of 
reduction. 

Preliminary analyses (4) indicated essentially full reduction 
of RNase with sulfhydryl-containing reagents, as well as com- 
plete alkylation of the reduced enzyme with iodoacetate. Table 
I summarizes the results of analyses for CMC and cystine in 
acid hydrolysates of reduced, alkylated RNase. The averages 
of 7.94 and 7.83, for the moles of CMC per mole of RNase, show 
that reduction with mercaptoethanol, as well as alkylation with 
either iodoacetate or iodoacetamide, were essentially complete. 
The small amounts of cystine may have been produced by de- 
composition of CMC during hydrolysis, since it has been observed 
(9) that about 5% of the CMC may undergo this conversion 
under the same conditions of hydrolysis. 

Chromatographic Comparisons—Fractionation on CM-cellu- 
lose columns (Fig. 1) indicates that Reox RNase contains two 
main components? which are chromatographically identical to 
native RNases A and B. Two other enzymatically active peaks 
are also discernible for Reox RNase, but these occurred as minor 
components and have not been investigated further. It is 
noteworthy that there is more B component for Reox RNase, and 
less A, than for the native enzyme. The possibility of inter- 
conversion of the A and B components during reduction and 
reoxidation was investigated by reducing native RNases A and 
B separately, air oxidizing each, and chromatographing the 
products on CM-cellulose columns. By this method, no Reox 


. Aqvist and Anfinsen (15) have reported two additional enzy- 
matically active minor components (Peaks I and IV, which were 
eluted before the present B peak and after the A peak, respec- 
tively). These components have not been consistently observed 
in the present work and are not shown in Fig. 1. 


RNase A was detected in Reox RNase B, nor was any Reox 
RNase B found in the Reox RNase A. However, the yield of 
A component was 74°% of that of B, and this difference occurred 
during oxidation, since nearly equal weights resulted from the 


TABLE I[ 


Content of S-carboxymethylcysteine and cystine in reduced, 
alkylated RNase* 


Reduced CM RNase: | 

1 | <0.2 7.95 

2 | 0 8.07 

3 | 0.2 7.79 

Average | 7.94 
Reduced CAM RNase: | 

1 | 0 8.03 

2 | 0.2 7.64 

3 | 0 7.82 

Average | 7.83 


* RNase was reduced and alkylated as described in the text, 
and then hydrolyzed in constant-boiling HCl at a concentration 
of 1 mg per ml, in sealed tubes for 16 hours at 105°. The hydroly- 
sates were dried in a vacuum over NaOH pellets and then analyzed 
for CMC and cystine in a Spinco model MS amino acid analyzer 
by the methods of Moore, Spackman, and Stein (21) and Spack- 
man, Stein, and Moore (22). 


1.0 
NATIVE RNASE 
Gradient elution 
0.01 M, pH 6.0-+-+011 M, pH 7. 
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ite) 
N 
72) 
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a 
= 0 
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! 
200 400 


EFFLUENT (ML) 


Fic. 1. Chromatography of native RNase, Reox RNase, and 
reduced CAM RNase on CM-cellulose. ——, Optical density 
curves at 280 my of native, Reox, or reduced CAM RNases; O, 
activity curves at 260 myz with ribonucleic acid as the substrate 
and 5-yl aliquots taken for assay. | 
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reduction of RNases A and B. Therefore, the increase in B 
component is the result of its higher yield on oxidation. 
Chromatography of reduced RNase was not considered feasible 
because of the possibility of oxidation on the column. Reduced 
CAM RNase was eluted from the column as shown in Fig. 1. 
Two maxima were produced which appeared to coincide with 
those of the A and B components of native and Reox RNases, 
although a considerable spreading occurred. Reduced CM 
© RNase, not shown in the figure, came off of the column as a 
4 single peak near the front, before gradient elution.was started. 
— Preliminary experiments (23) revealed the activity of Reox 
> RNase A to be 80 to 100% of the specific activity of native 
FP RNase A. In a further investigation, the activities of Reox 
> RNases A and B were compared with that of RNase A, derived 
F from an oxidation control experiment which was performed by 
F subjecting native RNase to the same conditions of air oxidation, 
E desalting, and chromatography as for reduced RNase. With 
F ribonucleic acid, uridine-2’ ,3’-cyclic phosphate, and cytidine-2’ , 
4 3’-cvclic phosphate as substrates, the activities of the Reox 
f RNases were the same as that of the control RNase A within an 
4 experimental error of +10% 
| The isoionic points of Mine peaks were determined by meas- 
urement of the pH values of their solutions after deionization on 
E mixed bed columns of Dowex 50 and Nalcite SAR-10. For the 


CHROMATOGRAMS 


© Fig. 2. Two-dimensional separation of peptides resulting from 
4 proteolytic digestion of RNase. A, native RNase A digested 
p with Nagarse; B, Reox RNase A digested with Nagarse; (’, native 
; E RNase A digested with subtilisin; D, Reox RNase A digested with 
3 ‘subtilisin. The first dimension is chromatography in butanol, 
: Pacetic acid, and water. The second dimension is electrophoresis 
j at pH 6.5 as described in the text. The encircled peptides are 
e positive to cyanide and nitroprusside and therefore contain disul- 


fide bonds. 
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Fic. 3. Ultraviolet spectra of native RNase A, reduced RNase 
A, and Reox RNase A. 


A and B peaks, these values were 9.60 and 9.18, respectively, 
whether these components were of native or Reox RNase. 

Disulfide Bonds of Native RNase | and Reox RNase A—The 
proteolytic enzymes, Nagarse and subtilisin, digest RNase with 
broad specificities to yield numerous small peptides, some of 
which are positive to cyanide and nitroprusside and therefore 
contain disulfide bonds. Differences in combinations of half 
cystine residues in native and Reox RNases should result in 
differences in the peptide patterns when the proteolytic digests 
of these enzymes are subjected to chromatography and electro- 
phoresis. The results of typical experiments are shown in Fig. 
2. It can be seen that the peptide patterns of native and Reox 
RNases are very nearly identical when either subtilisin or 
Nagarse is used for proteolysis. Since, on repeated separations 
of these digests by this method, no consistent differences in 
patterns could be found, no evidence was obtained for any dif- 
ferences in the locations of disulfide bonds in native and Reox 
RNases. 

Spectral Comparisons—Reduction of RNase A causes the shift 
in ultraviolet spectrum shown in Fig. 3. This effect has been 
observed for several other reactions, all of which involve the 
denaturation of RNase (24). There is a considerable body of 
evidence which indicates that this shift is caused by the rupture 
of hydrogen bonds involving the hydroxyl groups of three tyrosine 
residues (24). Oxidation of reduced RNase causes the spectrum 
to return to the native position, except for an unexplained devia- 
tion in the vicinity of 2500 A. These results indicate that the 
tyrosine residues become involved in hydrogen bonding, on 
oxidation of the reduced enzyme, to the same extent as those of 
the native enzyme. 

Optical Rotatory Comparisons—aAs shown in Fig. 4 and Table 


| 
| 
| 
| 
| 
} 
| 
3 


Fic. 4 (top, left). Optical rotatory dispersion of: @, native 
RNase A; M, reduced RNase A; A, Reox RNase A, plotted by the 
method of Yang and Doty (25). The rotatory dispersion constant, 
), was found by taking the square root of the slope X 10°. [ala 
is the specific rotation, obtained at wave length \, expressed in 


mg. 


Il, the rotatory dispersion constant, ., drops from 236 my to 
2% mu with reduction. A similar change has been observed on 
oxidation of RNase with performic acid (5) and apparently re- 
feets destruction of the secondary structure. Air oxidation of 
reduced RNase causes this constant to return to the native value, 
indicating that helical coiling has been re-formed to the same 
etent as it exists in native RNase A. These changes are also 
suggested by the decrease of specific rotation from —73.3° to 
-106° at the sodium D line (589 my) with reduction and return 
tothe native value on oxidation (Table II). 

Viscometric Comparisons—Fig. 5 shows the results of experi- 
ments performed to determine the intrinsic viscosities of native, 
Reox, and reduced, alkylated RNases. Iodoacetate, rather 
than iodoacetamide, was used as the alkylating agent for reduced 
RNase, since alkylation with the latter resulted in a product 
which, after desalting on the ion exchange column and lyophiliza- 
tion, was extremely difficult to solubilize. As shown in Fig. 5, 
intrinsic viscosity of RNase increases from 0.033 to 0.186 
when the enzyme is reduced. This change is of the same order 
that reported by Harrington and Sela (5) and indicates an 
imatease in molecular asymmetry, suggestive of the formation of 
‘tandomly coiled chain. They found a similar change in vis- 
caity from cleavage of disulfide bonds by oxidation of RNase 
vith performic acid. On air oxidation of reduced RNase, the 
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Fic. 5 (top, right). Reduced viscosities of native RNase A (@), 
reduced CM RNase A (™), and Reox RNase A (A), as functions 
of concentration. The intrinsic viscosities were determined by 
extrapolation of the reduced viscosities to zero concentration. 

Fic. 6 (bottom). Complement fixation tests on native RNase A 
(OC) and Reox RNase A (@). 


TABLE II 


Physical constants for native, reduced, reduced CM, 
and RNases 


€max” [n]® [a]p4 
Native RNase A............. 9800 0.033 236 —73.3 
Reduced RNase A..........| 9390 226 —106 
Reduced CM RNase A....... 9390 0.186 226 — 106 
Reox RNase A............... 9800 0.033 236 —73.3 


* Maximal molar extinction, which occurs at 2775 A and 2760 A, 
for native and reduced RNases, respectively, shown graphically 
in Fig. 3. 

’ Intrinsic viscosity, determined from Fig. 5. 

¢ Rotatory dispersion constant, determined from Fig. 4. 

4 Specific rotation at 589 mu. 


intrinsic viscosity returns to the native value, indicating that the 
same degree of symmetry has been re-established as exists in the 
native molecule. 

Immunological Comparisons—Results of the complement 
fixation test,!° presented in Fig. 6, demonstrate that Reox RNase 


10The complement fixation and quantitative precipitin tests 
were kindly performed by Dr. R. K. Brown, of the New York 
State Department of Health, by the methods of Mayer et al. (26) 
and Heide)berger and Kendall (27), respectively. 
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A is immunologically identical to native RNase A. A compari- 
son of these proteins by the quantitative precipitin test! has 
led to the same conclusion. Reduced RNase, on the other hand, 
is inert toward RNase antibody (28). 


DISCUSSION 


Many proteins have been partially denatured to an inter- 
mediate reversible stage by such means as heating, raising or 
lowering the pH, and exposure to urea, guanidine hydrochloride, 
or organic solvents (29-31), with no return to the native prop- 
erties after further denaturation. More recently, studies on 
the reversibility of protein denaturation have included the re- 
duction and reoxidation of disulfide bonds. For example, 
Audrain and Clauser (32) have reduced the one disulfide bond 
of oxytocin with cysteine, with complete loss of hormonal activity, 
and report high regeneration of activity on oxidation with air or 
hydrogen peroxide. Wetlaufer (33) has reduced RNase with 
borohydride but reports not more than 2% of the specific enzy- 
matic activity of native RNase restored on oxidation of the 
reduced form. On the other hand, full reduction of RNase with 
either thioglycolate or mercaptoethanol has yielded a product 
that can be oxidized to regenerate a specific activity similar in 
magnitude to that of the native enzyme (4). It remained to 
be shown, however, that the reduced, air-oxidized molecule was 
identical to native RNase. 

The main chromatographic components of native and Reox 
RNases have now been compared by several chemical and physi- 
eal techniques, by which any differences in secondary or tertiary 
structures should have been detected. The spectral comparisons 
showed a deviation of Reox RNase from native in the vicinity 
of 2500 A, which cannot be explained at present. Otherwise, 
there has been no evidence to indicate any differences in the 
coiling, folding, or locations of disulfide bonds of native and 
Reox RNases. Presently the evidence appears strong that they 
possess the same three-dimensional configuration. 

The possibility has never been excluded that some of the 


NOTE ON AN X-RAY DIFFRACTION INVESTIGATION OF REDUCED-REOXIDIZED RIBONUCLEASE* 
J. D. Harker, E. DE JARNETTE 


From the Roswell Park Memorial Institute, Buffalo 3, New York 


The recovery of enzymic, spectral, and chromatographic 
properties after oxidation of reduced ribonuclease strongly 
suggests that the original disulfide bonds and conformation 
have been recovered. It appeared desirable to attempt to 
crystallize the reduced-reoxidized RNase (Reox-RNase) and 
compare its x-ray diffraction pattern with that of crystalline 
native RNase. We here report x-ray diffraction data that 
provide geometrical evidence for recovery of the native molecular 
conformation in Reox-RNase. 

Of the 14 crystalline forms of RNase that have been discovered 
we chose to attempt to crystallize Reox-RNase in Form II, 
because of its ease of crystallization and good crystallographic 
properties. (Forms I to VII have been described by King, 
Magdoff, Adelman, and Harker (35); Forms VIII to XIV will 


* Partially supported by the National Institute of Health 
Grant No. 3942. 


Oxidation of Reduced Ribonuclease 


Vol. 236, No. 3 


secondary or tertiary structure, or some of both, remains intact 
after reduction of the four disulfide bonds of RNase and that 
such residual structure is responsible for the reorientation of the 
molecule to its original configuration. However, the presently 
reported changes in physical properties on reduction indicate 
that at least an extensive destruction of these structures has 
occurred. The fact that Harrington and Sela (5) have observed 
similar changes after cleavage of disulfide bonds of RNase by 
oxidation with performic acid adds weight to the tentative con- 
clusion that the elimination of the native coiling and folding js 
complete by the present method of reduction. 
The preferential return of the reduced RNase chain to the 
native configuration suggests a dependence of secondary and 
tertiary structures upon primary structure rather than upon q 
template. The function of such a template would then be re- 
stricted to determination of the sequence of amino acids in the 
protein chain. The features of primary structure that would 
govern the coiling and folding of the chain are not presently 
known. Karush (34) has suggested that attractive interactions 
among side chains in the vicinities of the cysteine residues may 
bring specific sulfhydryl groups into position for reaction. How- 
ever, it remains to be established whether these bonds are de- 
termined directly by the amino acid sequence, or whether some 
part of the secondary and tertiary structures is so determined 
which then governs the formation of specific disulfide bonds. 
A search is presently being conducted for other simple proteins 
whose native secondary and tertiary structures may be pref- 
erentially regenerated on oxidation after full reduction. By 
comparisons of the amino acid sequences and disulfide bond 
locations in such proteins with those of RNase, it is hoped that 
progress may be made toward a precise delineation of the features 
of primary structure that direct the formation of secondary and 
tertiary structures. Such information may eventually make 
possible a detailed prediction, from a knowledge of amino acid 
sequence, of the coiling and folding of a protein molecule. 


be described soon.) Form II is prepared from solution in a 
mixture of water and 2-methyl]-2,4-pentanediol at about pH 5. 
Samples of native RNase A and Reox-RNase A were supplied 


by Dr. Frederick White of the National Institute of Health. | 
These had been prepared from the Worthington lot No. R 573. } 


The standard crystals of this laboratory had been prepared from 
Armour lot No. 381-059, a mixture predominating in RNase A, 
but containing some RNase B.!_ The x-ray diffraction data were 
obtained with a single crystal counter diffractometer equipped 
with an Eulerian cradle (36). 


A solution of Reox-RNase in the crystallizing solvent deposited | 


either Form II or Form XI crystals depending on whether the 


pH had been adjusted to 5 (Form II) or not adjusted at all | 
(Form XI). Form XI is normally obtained when crystallization} 


is carried out near the isoelectric point (about pH 9), either by 
1 Crystals were prepared by Mrs. H. Bello. 
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TABLE 
Lattice constants of RNase crystals 
Starting material Form II (monoclinic) 
RNase, batch 381-059 (mixed a 30.31 A 40.13 A 
A and B) b 38.30 A 75.05 A 
ec 53.25 A 38.06 A 
B 105.74° 
Native RNase (preparation a— 42 A 
of F. White) b— 74 A 
c— 38 A 
B 
Reduced-reoxidized RNase a 30.21 A 37 
A (preparation of F. b 38.20 A TSA 
White ) 53.51 A 
8 105.76° | 


using deionized RNase or by adjusting the pH with alkali or 
amine buffers. Form XI was obtained (in very high yield) with 
both the Reox-RNase A and the native RNase A, because these 
had been deionized by Dr. White. The XI crystals were im- 
perfect, compared with those that had been obtained previously, 
probably as a result of one or more of the following causes; (a) 
very rapid crystallization, (6) pH lower than optimum, (c) 
(less likely) lack of B component. 

The Form II crystals obtained from Reox-RNase were of as 
high quality as our usual crystals, and had the same lattice 
constants within the normal range of variation. The diffraction 
patterns of the CuKa doublet from the three principal crystal- 
lographic planes were identical (within normal variation) both 
as to the positions and intensities of the reflections out to the 
largest angles measured, 20 = 60°, which corresponds to an 
interplanar spacing of 1.5 A. 

The Form XI crystals made from Dr. White’s RNase gave 
such poor diffraction patterns that it was not possible to de- 
termine their lattice constants with any precision. We have not 
been able to obtain Dr. White’s native RNase A in Form II. 
In our experience, small differences from standard preparations 
of RNase may lead to difficulties in crystallization. It seems 
likely that the process of reduction and reoxidation results in 
the elimination of impurities that inhibit formation of Form IT. 
These impurities are apparently not removed by chromatography. 
Formation of XI crystals is so easy that the impurities do not 
hinder. 

The lattice constants for the various crystals are given in Table 
I. From the essential identity of the Form II crystals of our 
standard RNase with those of the Form II Reox-RNase A, we 
conclude that the molecules of these two substances are geo- 
metrically very similar, perhaps identical, and pack identically 
in forming the crystals. 


CONCLUSION 


Reduced-reoxidized ribonuclease has been obtained in two 
crystalline modifications one of which is similar to and the other 
identical to standard crystal preparations in x-ray diffraction 
patterns along the principal crystal axes. This reflects sub- 
stantially identical molecular geometry for native and reduced- 
teoxidized ribonuclease. 
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SUMMARY 


The results of a series of comparative studies between the 


main chromatographic components of native ribonuclease and 
fully reduced, air-oxidized ribonuclease indicate that these 
enzymes possess identical secondary and tertiary structures. 
This evidence suggests that all of the information essential for 
the determination of these structures during biosynthesis resides 
in the primary structure of ribonuclease. : 
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Previous communications have reported on the reduction of 
the disulfide bonds of ribonuclease (1-4), ribonuclease-S-protein 
(5), and lysozyme (6) by treatment of the native protein or 
protein derivative in 8 M urea solutions with thioglycolic acid or 
mercaptoethanol. Reduction by this procedure has a signifi- 
cant advantage over certain other techniques (e.g. borohydride 
(7) or sulfite reduction (8)) in that it yields reduced molecules 
that have suffered minimal, if any, covalent change other than 
that involved in the cleavage of the disulfide bonds to sulfhydryl 
groups. ‘Thus, it has been observed that fully reduced ribonu- 
cease contains no new NH--terminal amino acids, and that its 
molecular weight and amino acid content (after alkylation of 
the SH groups) are in accord with the expected values. It is 
therefore possible to study the re-formation of disulfide bonds 
and to examine the influence of chemical and environmental 
modifications on the efficiency of reoxidation and reactivation. 
It has been demonstrated that the eight sulfhydryl groups of 
fully reduced ribonuclease and of ribonuclease-S-protein undergo 
spontaneous oxidation to yield macromolecules that are ex- 
tremely similar, and probably identical, to the parent molecule 
in their physical and enzymatic properties (4, 5). 

The methods of reduction and subsequent manipulation that 
we have reported have, over the past year, been somewhat modi- 
fed. We would like to summarize here some of the aspects of 
reduction, sulfhydryl group stabilization, and alkylation that 
appear to be of general use in the reduction of proteins, as well 
a some observations on conditions for regeneration of disulfide 
honds in reduced ribonuclease. 


EXPERIMENTAL PROCEDURE AND RESULTS 


Reduction—In a typical experiment, 350 mg of native RNase 
Sigma Chemical Company, lot R60-B-204, chromatographic 
sade) were dissolved in 10 ml of a freshly prepared 8 M solution 
ofreerystallized urea, adjusted to pH 8.6 with 5% methylamine. 
Mercaptoethanol (Eastman-Kodak) was added at a level of 1 yl 
xr mg of protein, the container was flushed with nitrogen, and 
the solution was allowed to stand for 43 hours at room tempera- 
ture. Methylamine was employed for neutralization to insure 
the decomposition of any thioglycollides (3) that might be pres- 
‘tt in the reducing agent. After this period, the pH was ad- 
usted to 3.5 with glacial acetic acid and the entire solution was 
plied to a 2.5- & 35-cm column of crossed-linked dextran (9) 
Sephadex G-25, Pharmacia Company, Uppsala, Sweden) which 
id been thoroughly equilibrated with 0.1 m acetic acid. The 
‘lumn was developed with the same solvent. As shown in 
ig. 1, the bulk of the protein emerged considerably ahead of the 
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reagents in the original mixture. (In experiments using longer 
columns or smaller applied volumes of reaction mixture, the 
mercaptoethanol, urea, and salts appear in a fraction entirely 
separated from the protein peak by approximately 20 to 25 ml 
of effluent volume; see, for example, Fig. 2.) Titrations with 
PCMB! (10) and estimations of SH content by radioactivity 
determinations of C'4-iodoacetate-treated material (5) from two 
portions of the major part of the peak gave the same values (see 
legend to Fig. 1). In samples from the trailing portion of the 
peak, determinations with PCMB gave high results because of 
slight contamination with mercaptoethanol. Values obtained 
by the radioactive method on these latter samples were not so 
affected, since the derivatives were submitted, after radioactive 
alkylation, to a second passage through Sephadex G-25 before 
comparison of their specific radioactivities with that of the C™- 
iodoacetate reagent. 

The method of reduction and purification described above has 
also been applied to trypsinogen, chymotrypsinogen, and lyso- 
zyme. Fully reduced products that were soluble in the dilute 
acetic acid solvent were obtained from each of these proteins. 

Reoxidation—A reinvestigation of the methods used for the 
oxidation of reduced RNase was undertaken in an attempt to 
increase the yields of regenerated native enzyme and, particu- 
larly, to decrease the production of insoluble side products. 
High yields of enzymatically active material and the absence of 
precipitation are achieved only when oxidation is carried out at 
low protein concentrations (Table I) and when conditions of 
surface denaturation (e.g. bubbling with air) are avoided. As 
shown in Table I, efficient oxidation occurs when dilute solutions, 
adjusted to pH 8.0 to 8.5, are allowed simply to stand in open 
vessels at room temperature for approximately 20 hours. Under 
these conditions, the yields of regenerated, active enzyme have 
been uniformly between 80 and 100%. 

Conversion of SH groups in reduced RNase to disulfide bonds 
is extremely slow at the hydrogen ion concentration of the acetic 
acid solution employed for the Sephadex columns. At room 
temperature and pH 3.0, a sample of protein containing 7.8 SH 
groups per mole contained, after 24, 72, and 96 hours of exposure © 
to atmospheric oxygen, respectively, 7.5, 6.9, and 4.5 SH groups 
per mole. At icebox temperatures, the SH group content is 
undiminished for 2 to 3 days. 

Stabilization of Protein SH Groups after Reduction—In studies 
of the sulfhydryl-disulfide relationships in proteins, SH groups 
are generally stabilized by reaction with suitable alkylating re- 


1 The abbreviation used is: PCMB, p-chloromercuribenzoate. 
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Fic. 1. The separation of reduced ribonuclease from reagents. 
After reduction, the solution of reduced protein was adjusted to 
pH 3.5 with glacial acetic acid and applied, in a volume of 12 ml, 
to a 2.5- X 25-em column of Sephadex G-25 which had previously 
been equilibrated with 0.1 M acetic acid. Samples were taken 
from tubes 12, 15, 18, and 20 for estimation of SH content by ti- 
tration with PCMB (10) and by determination of radioactivity 
after alkylation with iodoacetic acid-1-C"'* (5) (see the text). The 
latter method yielded 7.5, 7.4, 7.7, and 7.7 moles of SH per mole of 
RNase whereas the PCMB titrations gave 7.6, 7.7, 11.5, and 20 
moles of SH per mole of protein for the same samples. This 
difference in the results obtained by the two methods indicates 
the presence, in the two tubes from the trailing portion of the 
protein peak, of mercaptoethanol that was not fully resolved from 
the reduced protein on this particular column. 


- 


TABLE [ 
Oxidation of reduced RNase at various protein concentrations 


The reduced protein was prepared as described in the text and 
freed from reagents on Sephadex G-25. The protein in the column 
effluent, after appropriate dilution, was adjusted to pH 8.5 and 


allowed to stand without stirring at room temperature for 20. 


hours, at which time the proportion of soluble protein and the 
enzyme activity of this fraction were estimated. 


! Activity of soluble © 


Concentration of | “ Yield of soluble fraction; % of equiva-' % Regeneration of 


reduced protein protein lent concentration of. activity 
native RNase | 

mg/ml 

7.0 27 | 31 8 
4.8 42 | 70 | 29 
2.3 87 75 65 
0.9 100 77 77 
0.35 : 100 94 : 94 


agents such as iodoacetic acid, iodoacetamide, or N-ethylmaleim- 
ide. In spite of care in the maintenance of proper pH values 
and times of reaction, experience in various laboratories has 
indicated that alkylation of groups other than SH groups may 
occur in small but significant amounts (11) (e.g. methionine sulfur 
to the sulfonium derivative, lysine e-amino groups to the N-alkyl 
derivative). For this reason we have recently employed an ex- 


cess of mercaptoethanol to immobilize the iodoacetate at the 
end of the alkylating period. 

The reduction mixture is diluted before alkylation with 0.5 m 
Tris-acetate buffer, pH 8.5, to reduce the urea concentration to 
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approximately 2m. At this level of urea, nonspecific alkylations 
are reduced to a level of 0.1 to 0.2 mole of alkyl groups per mole 
of protein, as estimated with C'™-iodoacetate (5). The diluted, 
reduced protein is then treated with a 10-fold excess of iodoacetic 
acid (calculated on the basis of the mercaptoethanol present in 
the reduction mixture) at room temperature for 12 to 15 minutes, 
The presence of buffer obviates the necessity of constant monitor- 
ing of pH during the alkylation. At the end of the reaction, a 
10-fold excess of mercaptoethanol is added (calculated on the 
basis of the added iodoacetic acid). The mixture is then allowed 
to stand for 30 to 60 minutes to permit complete reaction of free 
iodoacetate and is finally passed through Sephadex G-25 to 
yield the reagent-free, salt-free protein derivative. This material 
is now ready for radioactive counting for the determination of 
S-carboxymethyl group content. Counting is most conveniently 
done in a liquid scintillation counter, the protein solution being 
mixed directly with a water-miscible phosphor solution (12). 
Specific radioactivities have generally been calculated on the 
basis of protein concentrations estimated by spectrophotometric 
determinations. 

To stabilize the SH groups in a reversible form, the reduced 
protein emerging from the Sephadex column is adjusted to ap- 
proximately 5 mg per ml with 0.1 M acetic acid and treated with 
a 1.1-fold excess of sodium PCMB (based on the moles of SH 
groups), dissolved in water, and adjusted to pH 8. Although 
PCMB is quite insoluble in 0.1 M acetic acid, the added material 
reacts rapidly with the free SH groups of the protein derivative, 
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Fic. 2. Regeneration of reduced RNase from its compound 
with PCMB. The PCMB compound (110 mg) was dissolved in 
10 ml of 0.1 M acetic acid by the addition of 100 ul of mercapto- 
ethanol. After standing for 30 minutes, the solution was passed 
through a 2.5- X 30-em column of Sephadex G-25 previously equi- 
librated with 0.1 m acetic acid. The column was developed with 
the same solvent, and fractions of 2.5 ml each were collected. The 
odor of mercaptoethanol was first detected in the vicinity of 65 
ml effluent volume. The tubes indicated in the figure were pooled 
and the content of SH groups per mole of RNase was determined 
by titration with PCMB (10). The value obtained (7.4 SH groups 
per mole) agrees well with that found for the original reducea 
RNase (7.5 SH groups per mole) which served as starting material 
for the preparation of the PCMB derivative. The recovery of 
absorbancy units (measured at 280 mu in the pooled tubes) was 
65%. Absorbancy was measured at 280 mu (©) to detect the 


reduced protein, and at 255 mu» (@) to detect the emergence of |: 


mercaptoethanol and its PCMB derivative. 
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and marked precipitation is first observed only when the point 
of equivalence has been reached. The final mixture may be 
dialvzed against 0.1 Mm phosphate buffer at pH 8 to remove excess 
PCMB and, after further dialysis against water, the suspension 
of PCMB-RNase is lyophilized for storage. The derivative (re- 
duced calculated Hg content , 9.9%; 
found 9.16% (13), 10.4°¢ (14)) is somewhat soluble in 0.1 m 
phosphate buffer, pH 8.0 (approximately 0.5 mg per ml), and 
very soluble in strong urea solutions. It may be stored in the 
refrigerator for at least 2 months without detectable loss in its 
ability to regenerate fully reduced RNase after removal of the 
PCMB groups. Such removal is accomplished by suspending 
the derivative in 0.1 mM acetic acid (10 to 20 mg per ml), adding 
| pl of mercaptoethanol per mg of derivative (whereupon the 
solution becomes clear), and passing the solution through the 
Sephadex column as described above (Fig. 2). The resulting 
reagent-free protein contains the sulfhydryl group content of the 
original reduced material and may be converted to active enzyme 
in high yield by oxidation. 

The availability of the PCMB derivative of reduced RNase 
and its ready oxidation to active enzyme after removal of the 
masking groups make possible a study of the ability of the re- 


duced chain to re-form enzymatically active material after modi- — 


fieation by limited selective cleavage with proteolytic enzymes. 
Experiments with the Jacobsem-Leonis autotitrator (15) (pH- 
Stat) indicate that the PCMB derivative of reduced RNase is 
digested with trypsin to an extent equivalent to that of reduced 
carboxymethylated material (6). Thus, the number of peptide 
bonds cleaved is that expected from the lysine and arginine 
content of the chain (7.e. 12 bonds cleaved per mole, with two 
bonds unreactive, the NH--terminal lysyl bond and the lysyl 
bond in the sequence, Lys. Pro). 


DISCUSSION 


The main point to be emphasized in connection with the meth- 
ods described above is the relatively gentle nature of the proce- 
dures for reduction and for subsequent separation on columns 
of the reduced protein derivative from reagents. The high 
vield of active regenerated RNase (Table 1) obtained when oxi- 
dations of SH groups are carried out at low concentrations of 
reduced protein is in strong contrast to the rather poor yields 
obtained after reduction by a reagent such as sodium borohydride 
(16) which is known to cause limited, but probably highly critical 
cleavage of peptide bonds (17). Perhaps the best evidence for 
the mildness of the methods comes from experiments, to be de- 
scribed in detail in a separate communication, in which RNase 
was subjected to two successive rounds of reduction and air 
oxidation without significant loss of activity. 

The stability of the bulk of the covalent structure of RNase 
to conditions of reduction, combined with the ability of the re- 
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duced molecule to undergo spontaneous oxidation and re-forma- 
tion of secondary and tertiary structure, permits an approach 
to the preparation of fragments of the RNase chain that might 
recombine, through disulfide bonds, to yield enzymatically active 
compounds. 


SUMMARY 


Methods are described for the reduction of disulfide:bonds in 
ribonuclease and other proteins, for the separation of the reduced 
derivatives on columns of cross-linked dextran (Sephadex), and 
for the convenient carboxymethylation of SH groups produced. 
The reductive technique employed does not appear to alter other 
covalent features of ribonuclease, as evidenced by the oxidizabil- 
ity of the reduced chain to yield a product with native enzymatic 
and physical characteristics. Conditions are described for opti- 
mal regeneration of activity by exposure of dilute solutions to 
molecular oxygen. The preparation of a p-mercuribenzoic acid 
derivative of the reduced protein is described. This material 
serves as a stable form of the fully reduced chain for degradation 
with proteolytic enzymes. 
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The presence of phosphorus-containing protein in the yolk of 
the hen egg was already recognized in 1900 (1). Since then, the 
egg yolk phosphoproteins received attention in several labora- 
tories (cf. (2)). The first detailed study of the most highly 
phosphorylated fraction of yolk phosphoprotein, phosvitin, was 
reported by Mecham and Olcott (3) in 1949. They isolated a 
product containing 10% phosphorus, representing about 7% of 
the yolk protein and about 60% of the yolk protein-bound phos- 
phorus. The protein, with a minimal particle weight of about 
20,000, was reported to be homogeneous in the ultracentrifuge, 
but heterogeneous on electrophoresis under some conditions. 
Results of later studies (e.g. (4-7)), mostly of a physicochemical 
nature, supported the suggestion (2) that phosvitin may be a 
fragment of a complex formed with other egg yolk components. 
It may also be identical with the vitellin fragments, vitellenic 
acid (8) or ovotyrine @ (9). 

In the course of a study of the chemistry of phosphoproteins, 
we found it desirable to investigate further the nature of phos- 
vitin and to obtain additional information bearing on the chem- 
ical structure of this protein. In this paper, we describe the 
fractionation of phosvitin by ion exchange chromatography and 
some data on the relation and differences between the chromato- 
graphic fractions. 


EXPERIMENTAL PROCEDURE 


Phosvitin was prepared by the method of Mecham and Olcott 
(3) from large, grade A hen eggs, obtained from a local whole- 
sale distributor. (One preparation was subjected to the am- 
monium sulfate precipitation step twice instead of only once as 
in the routine procedure without affecting the phosphorus and 
nitrogen content or the chromatographic behavior of the protein.) 
The dialyzed and lyophilized protein was stored over CaCl. at 
2°. Further drying over P.O; at 100° in a vacuum resulted in a 
weight loss of about 10%. Three moisture-free preparations 
contained, on the average, 9.9% phosphorus and 11.9% nitrogen 
(the values ranging between +0.3 and +0.4). 

Elementary analysis was carried out for phosphorus according 
to Fiske and SubbaRow (10) or Sumner (11), by the micro- 


* This work was supported in part by grants from the James 
Hudson Brown Memorial Fund of the Yale School of Medicine, 
The Eli Lilly Company, and a research grant (USPHS-A-3188) 
from the National Institute of Arthritis and Metabolic Diseases, 
United States Public Health Service. Most of the data in this 
paper are taken from the dissertation presented by Catherine 
Connelly to the faculty of the Graduate School of Yale University 
in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy. 

+ Predoctoral Fellow of the National Cancer Institute, United 
States Public Health Service, 1959-1960. Present address, Public 
Health Research Institute of the City of New York, New York 9, 
New York. 


Kjeldahl procedure of Miller and Houghton (12) for nitrogen, 
and by the diethyldithiocarbamate method for copper, and 
the o-phenanthroline method for iron both described by Sandell 
(13). Hydrolysis of protein and O-phosphoserine (California 
Corporation for Biochemical Research) was performed with 
glass-distilled 6 N HCl in sealed evacuated tubes at 110° for 24 
hours. Amino acid analyses were obtained by the method of 
Moore et al. (14-15).1. Tryptophan was determined according 
to Shaw and McFarlane (16). 

Buffer solutions were prepared with analytical grade reagents 
adjusted with HCl or NaOH to the required pH measured with a 
glass electrode (Beckman model G pH meter) at room tempera- 
ture. Measurements of the rate of acid liberation were per- 
formed with a Radiometer autotitrator at 25°. The instrument 
was standardized before and after each titration with pH 7 and 
10 dilute buffer standards (Beckman) with readings obtained 
within 0.02 pH unit of the standard value. The surface of the 
solution was flushed with CO>.-free nitrogen saturated with water 
vapor and titration was carried out with standard NaOH solu- 
tions which had a carbonate content of about 1% or less. 

DEAE-cellulose (Brown Company, reagent grade, 1.0 meq per 
g) was prepared for chromatography according to Peterson and 
Sober (17). Adsorption experiments were carried out in centri- 
fuge tubes containing mixtures of the ion exchanger and protein 
in the appropriate buffer. Equilibration was obtained with 
intermittent shaking within 30 minutes at room temperature. 
Column chromatography was performed at 2° with a fraction 
collector. Columns were poured in 5-cm sections with pressures 
for packing not exceeding those used during subsequent elution. 
The length of each column was about 35 cm, the diameter 0.9, 
2.5, or 4.4cem. Flow rates of about 25 ml per hour per cm? were 
obtained with hydrostatic pressures of about 60 em. Before the 
protein solution was introduced, each column was washed with 
the first eluting buffer until the O.D. (280 my) of the effluent 
solution was less than 0.005. Elution was carried out with 
buffers of increasing ionic strength (constant buffer salt concen- 
tration and varying NaCl concentration), either in a stepwise 
fashion or with a continuous gradient. Theoretical gradient 
curves as obtained with one or two mixing chambers were cal- 
culated according to Alm et al. (18) and Svensson (19). 


RESULTS AND DISCUSSION 


Chromatographic Fractionation of Phosvitin 


Preliminary Experiments—DEAE-cellulose equilibrated with 
0.005 m Tris-HCl buffer, pH 8, containing 0.10 m NaCl, was 


1 We are grateful to Dr. F. M. Richards for making his auto- 
matic amino acid analyzer available to us and to Mr. Guido Gor- 
dillo for performing the analyses. 
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capable of adsorbing phosvitin in a ratio of at least 1:4 (protein 
toexchanger). Maximal adsorption occurred at an ionic strength 
of about 0.1 m. As the ionic strength was increased, protein 
was released. At 0.4 m NaCl, all the protein was again free in 
solution. At lower pH values (down to 7), adsorption was 
slightly more extensive, whereas at higher pH values (up to 9), 
significantly less protein was adsorbed. At any pH between 7 
and 9, the degree of adsorption decreased as the ionic strength 
was raised. Sodium diethylbarbiturate buffer gave essentially 
the same results but the use of sodium glycylglycinate buffer 
resulted in the over-all reduction of the adsorption (up to 50%) 
within the given pH and salt concentration range. 

Gradient Elution—Chromatography of phosvitin on a small 
column eluted by the gradient technique resulted in the pattern 


404 

2 
1 ¢€ 
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EFFLUENT VOLUME (ml) 


Fic. 1. Chromatography of phosvitin with gradient elution 
Phosvitin, 27.8 mg, on 0.9 X 36-cm DEAE-cellulose column, 0.005 
u Tris-HCl buffer, pH 8.0, 2°, NaCl gradient asshown. The ratios 
of P (microatoms per ml):O.D. (280 mz) are shown at the top of 
the figure. Based on O.D., 81% of the applied protein was re- 
covered in the effluent solution. 
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Fic. 2. Chromatography of phosvitin with stepwise elution. 
Phosvitin, 180 mg, on 2.5 X 35-em DEAE-cellulose column, 0.005 
v Tris-HCl buffer, pH 8.0, 2°, the molar concentration of NaCl in 
the eluting buffer increased stepwise as shown by the arrows 
(starting buffer, 0.10 M NaCl). The ratios of P:0.D. are shown 
at the top of the figure. Recoveries for the faster and slower mov- 
ing fractions, respectively, were 45 and 14% based on O.D. and 
8 and 10% based on phosphorus. 
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Fic. 3. Rechromatography of 0.30- and 0.35-phosvitin. A, re- 


chromatography of only that portion of the initial 0.30-phosvitin 
peak which had the highest P:O.D. ratio; B, rechromatography of 
complete initial 0.35-phosvitin peak. Initial fractions were dia- 
lyzed against 0.10 m eluting buffer before applying them to 0.9 x 
39-cem DEAE-cellulose columns, 0.005 m sodium diethylbarbiturate 
buffer, pH 8.0, 2°. Elution as under Fig. 2. See also text for de- 
tails. 


shown in Fig. 1. The heterogeneity indicated by this pattern 
was further confirmed by the determination of the phosphorus 
content of some of the fractions. Expressed as a ratio of phos- 
phorus concentration (microatoms per ml) to O.D. (280 my), the 
results are also shown in Fig. 1. A constant ratio would be ex- 
pected for a homogeneous preparation. Doubling the length of 
the column or extensive variations of the rate of the NaCl con- 
centration increase during elution, including variations of the 
shape of the gradient curve, led to no significant improvement 
over the degree of resolution shown in Fig. 1. 

Stepwise Elution—When the ionic strength of the eluting buffer 
was increased in a stepwise manner that portion of the eluted 
material which had a low P:O.D. ratio could be obtained as a 
discrete peak within one elution step (Fig. 2).. (Tris-HCl or 
sodium diethylbarbiturate buffers at pH 8.0 gave closely agree- 
ing results.) The ratio of the fast-moving to the slow-moving 
fraction (0.30:0.35)? was 3.2 (based on O.D.). The P:0O.D. 
ratios obtained in this experiment showed that 0.30-phosvitin 
was still heterogeneous. The symmetry of the peak is clearly 
not a satisfactory indication of homogeneity. 

Although essentially all (95%) the applied phosphorus was 
recovered in the two fractions but only 59% of the original O.D., 
it is clear that either some phosphorus-poor, light absorbing ma- 
terial had remained on the column or the fractions had an ab- 
sorbancy index different from that of the original protein. In- 
asmuch as the weight of the recovered, dialyzed, and lyophilized 
fractions amounted to 71 and 9%, a total of 80%, of.the column 
charge, the average absorbancy index of the protein must have 
decreased upon chromatography. The 80% recovery based on 
weight is appreciably greater than the 59% based on O.D. This 
conclusion was confirmed after isolation of the fractions and the 
determination of their absorption indices. 

Rechromatography of Fractions—The invariability of the be- 
havior of a given chromatographic fraction was tested by rechro- 
matography. When 0.35-phosvitin was rechromatographed, 
essentially all the eluted material emerged in the 0.35 M salt step 
(Fig. 3B). In a few experiments, such as the one shown, a small 
percentage of the total eluted material emerged in earlier elution 


2 Pending a more definitive characterization of these fractions, 
we shall refer to them as 0.30-phosvitin and 0.35-phosvitin. 
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steps; in most cases, even these insignificant peaks were absent. 
Rechromatography of 0.30-phosvitin resulted at first in the elu- 
tion of material with both 0.30 and 0.35 m NaCl (not shown in 
the figure). The ratio of the two new fractions was about three 
times higher than the original 0.30:0.35 ratio of 2 to 3 (in several 
experiments). In other words, 0.30-phosvitin could give rise to 
0.35-phosvitin, although to a lesser extent than unfractionated 
phosvitin. The chromatographic heterogeneity of 0.30-phos- 
vitin was not unexpected in view of the observed inconstancy of 
the P:O.D. ratio across the width of the original 0.30-phosvitin 
peak (Fig. 2). Such results could arise either because of an in- 
complete resolution of the two fractions in the initial chromato- 
graphic experiment or because of a conversion of 0.30-phosvitin 
to 0.35-phosvitin during the chromatographic analysis. In the 
former case, it would be expected that a chromatographically 
homogeneous fraction could be obtained under the proper condi- 
tions, whereas in the latter case, chromatographic homogeneity 
could not be achieved. Table I shows that there is a correlation 
between the P:O.D. ratios of portions of a 0.30-phosvitin peak 
and the 0.30:0.35 ratio to which the same portions give rise on 
rechromatography. When only the portion corresponding to the 
effuent region with the highest P:O.D. ratio was rechromato- 
graphed, chromatographically homogeneous 0.30-phosvitin was 
obtained (Fig. 3A). Thus, under suitable conditions, both chro- 
matographic fractions of phosvitin could be obtained without 
cross contamination, favoring the view that the initial experi- 
ments showed incompleteness of resolution rather than conver- 
sion of one fraction to the other. 

Further Observations on Chromatography of Phosvitin—When 
the column was charged with an excess of phosvitin (5 times the 
usual amount), protein was eluted in every elution step (top 
curve, Fig. 4). The material eluted in the 0.20 and 0.25 salt 
steps (Peaks A and B) gave rise to 0.30- and 0.35-phosvitin on 
rechromatography (bottom curves, Fig. 4). The early break- 
through of material from an overloaded column is not unexpected 
(cf. (18)) but it is surprising that 0.35-phosvitin, the normally 
most strongly adsorbed fraction, was present in these early elu- 
tion steps, and in successively decreasing amounts (relative to 
0.30-phosvitin) (cf. ratios in Fig. 4). When 0.35-phosvitin alone 
was placed on a column in large excess (3 times the amount which 
could be held maximally by the column until the salt concentra- 
tion was raised to 0.35 M), all of the excess protein (two-thirds 
of the charge) emerged in the 0.30 M salt step, and not in any of 
the earlier steps. 

From experimental observations it has been inferred (20) that 
different sets of adsorption sites* are present on a chromato- 
graphic column, each site exhibiting a characteristic degree of 
affinity for a given substance. When the substance is a poly- 
functional macromolecule, this affinity is a sensitive function of 
such variables as pH or ionic strength (22). Thus, the repeated 
emergence from a column of the same protein may be explained 
if, under given conditions, some sites release the protein while 
others hold on to it. In protein mixtures, successive peaks may 
represent mixtures containing varying amounts of the compo- 
nents, possibly followed by the elution of peaks representing 
individual components. The ratio of components in a given 
peak will be a function of the relative shape of their adsorption 
isotherms. So long as these isotherms, as a function of the elu- 


>The word ‘‘adsorption”’ is used for convenience and implies 
nothing about the nature of the interaction (cf. (21)). 


Phosvitin Fractionation 


TABLE I 
Refractionation of 0.30-phosvitin by chromatography 


The data were obtained in experiments analogous to the one 
described by Fig. 2. The front, center, and tail sections of a 
0.30-phosvitin peak were dialyzed, lyophilized, and rechromato- 
graphed. 


P:O.D. before | 


| 0.30:0.35 upon 
Section | rechroma- rechroma- 
tography tography 
020 025 030 035 040 ] 
m4 
= 0.30 _ 
O A 
020 025 030 035 
a A 030 =4 
035 
Oe 
2a 020025 030 035 040 | 
02 030 
fe) | 
ce) 200 400 600 800 
EFFLUENT VOLUME (ml) 


Fic. 4. Rechromatography of fractions appearing at low salt 
concentration in a phosvitin chromatogram obtained with an 
‘“‘overloaded”’ column. The conditions are the same as those un- 
der Fig. 3. The top pattern shows the elution of material from 
an overloaded column (98 mg of phosvitin). The two lower pat- 
terns show the elution of material obtained on rechromatography 
of the two peaks, A and B, in the original chromatogram. They 
were dialyzed against the 0.10 m starting buffer before applying 
them to the column. The 0.30:0.35 ratios (based on O.D.) are 
shown. 


tion variable (pH, ionic strength, etc.), do not cross within the 
limits set for the elution variable in a given experiment, the less 
strongly adsorbed components will predominate in the early 
elution peaks whereas the more strongly adsorbed ones will do 
so in the peaks emerging later. Isotherms are known to exhibit 
maxima (cf. (21)). This or other features of their shape could 
result in their crossing. Then the elution of a given component 
could occur before and after the elution of another component.‘ 
Another reason for such repeated emergence of a component 
before and after the elution of another component could be an 
interaction between the components, if such interaction is dis- 
rupted during the course of chromatography. The variables 
used for dissociating protein and adsorbent could readily cause 
dissociation between protein and protein also. Then, before pro- 
tein-protein dissociation, elution of such a protein complex 
would be followed by the elution of the dissociated components 
in the order of their increasing affinity for the adsorbent. When 
a large excess of 0.35-phosvitin was chromatographed, it did not 


‘Physical blocking of the elution of a normally less strongly 
adsorbed species by a more strongly adsorbed species, as suggested 
by one of the referees of this paper, could postpone the elution of 
the less strongly held species but it would then emerge together 
with the blocking species. 
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emerge in elution steps earlier than the one just preceding the 
“normal” elution step. Therefore, in the experiment in which 
unfractionated phosvitin was placed on the column in excess, 
crossover of adsorption isotherms could not be held responsible 
for the initially decreasing relative 0.35-phosvitin content of the 
earlier peaks. When the salt concentration of the eluting buffer 
was low (less than 0.30 mM), however, interaction between 0.30- 
and 0.35-phosvitin could be responsible for the experimental 
observations. Such complications as might arise from combina- 
tions of protein and adsorption sites at different levels of thermo- 
dynamic stability, subject to kinetic control, are of no practical 
concern with regard to this argument since variations of the 
elution rate (by a factor of 2) had no effect on the elution pat- 
terns. 


Some Properties of Fractions of Phosvitin 


Elementary and Amino Acid Analysis—The nitrogen and phos- 
phorus content of the chromatographic fractions did not differ 
significantly from the data obtained with unfractionated protein 
(Table II). In view of the report (3) that phosvitin contains 
significant quantities of metals, the copper and iron content of 
the preparations used in this investigation was determined and 
compared with the fractions (Table II). It was surprising to 
find significant differences which appeared to be rather specific 
since the variations in metal content for several preparations of 
a given fraction were relatively small. Of the two fractions, 
0.35-phosvitin was the richer in both metals. It is clear that 
the copper content of the fractions could not be accounted for by 
the barely significant copper content of our unfractionated prep- 
arations but must have been introduced from the large volumes 
of solvent used in the fractionation or dialysis. 

The chromatographic fractionation could not be simply a result 
of different degrees of metal content, perhaps of the same pro- 
tein, since fractionation of phosvitin could be obtained even if 
phosvitin was rendered metal-free and buffer solutions were pre- 
pared with deionized water; or conversely, if the fractionation 
was performed with a copper salt added to the eluting buffers. 
The apparent specificity of the metal content of the fractions 
(cf. Table IL) is further supported by the finding that the copper 
and iron content of 0.30-phosvitin remained unchanged, within 
the limits given in Table II, when the fraction was rechromato- 
graphed two more times under the same conditions as in the 
original preparation. 

Except for a few significant differences, the two fractions gave 


TABLE II 
Elementary analysis of phosvitin and its chromatographic fractions 


All data were obtained with material which had been chromato- 
graphed once, dialyzed against NaCl solution and water ex- 
haustively, lyophilized, and dried to constant weight over P.O; 
at 100° in a vacuum. The variations are given in terms of the 
standard deviation of three or more preparations of a given 
fraction. 


Content 
Fraction 
N P | Cu Fe 
Phosvitin. ..../11.9 + 0.3) 9.9 + 0.30.04 + 0.05:0.30 + 0.01 
0.30-Phosvitin 112.9 + 0.610.0 + 0.60.4 + 0.1 0.04 + 0.02 
0.35-Phosvitin. 12.0 + 0.710.0 + 1.21.5 40.3 0.6 + 0.2 
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Fic. 5. Alkali stability of chromatographic phosvitin fractions 
Curve 1, 0.35-phosvitin; Curve 2, 0.30-phosvitin; Curve 3, blank. 
Protein solutions of 1% in 1 m KCl were brought to pH 9.50 with 
1 nN NaOH-1 m KCI and were then maintained at this pH with 
automatic titration with 0.04 n NaOH-1 m KCl. 


approximately the same amino acid analysis, and the data were 
similar to those reported in the literature for unfractionated 
phosvitin (3, 23). 0.30-Phosvitin (chromatographed twice) was 
devoid of tyrosine but contained 1.25% (by weight) of phenyl- 
alanyl residues. 0.35-Phosvitin on the other hand contained 
0.93°% tyrosine but little phenylalanine (0.27°%). The serine 
content was 32% for unfractionated protein, 32% for 0.30-phos- 
vitin and 28% for 0.35-phosvitin.® 

Effect of Alkaline pH—The two fractions differ markedly in 
their stability at pH values above pH 8.5 at 25°. 0.35-Phosvitin 
released acid groups continuously over a period of several hours, 
whereas 0.30-phosvitin was quite stable under the same condi- 
tions (Fig. 5). Whereas 0.30-phosvitin released essentially no 
protons over a period of 6 hours, 1.5 equivalents of acid per 104 
g of protein were released by 0.35-phosvitin in 8 hours. Un- 
fractionated phosvitin also liberates acid at alkaline pH values, 
but at a rate slower than that observed for an equal weight of 
the 0.35-fraction; such treatment of the unfractionated phosvitin 
did not change the chromatographic behavior under the condi- 
tions used in this study. It is premature at this stage to 
speculate on the nature of the acid release. It is not accom- 
panied by the release of inorganic phosphate. Group migrations 
or changes in metal-protein interactions or other structural 
alterations may be responsible. 


SUMMARY 


The hen egg yolk phosphoprotein, phosvitin, was resolved into 
two fractions by ion exchange chromatography. The fractions 
differ from each other in metal content, amino acid composition, 
and chemical stability at alkaline pH, although they are quite 
similar in terms of the gross aspects of their composition. 


Acknowledgments—We thank Dr. Joseph S. Fruton and Dr. 
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Moore and Stein (1) have reviewed the work of Boardman 
and Partridge and others on problems encountered in attempting 
the chromatography of nonbasic proteins on Amberlite IRC-50 
by elution analysis with the use of buffers of constant composi- 
tion for the elution. Boardman and Partridge (2) suggested that 
the difficulty in achieving reversible equilibrium binding was due 
to hydrogen bonding between the protein and the resin. For 
this reason recent attempts to subject nonbasic proteins to this 
type of elution analysis on this resin have involved the addition 
of urea to the buffers used for elution. In this way successful 
chromatography was achieved with insulin (3) and glucagon (4). 

The present report deals with the extension of elution analysis 
with the use of urea-containing buffers of constant composition 
to the chromatography of prolactin, a larger protein than insulin 
or glucagon. In addition to providing a technique for the frac- 
tionation and analysis of prolactin, this system provides an op- 
portunity to test the effect of protein molecular weight on the 
chromatographic system by comparing the behavior of prolactin 
with that of insulin as reported earlier (3). 


EXPERIMENTAL PROCEDURE 


The prolactin used was a partially purified sample of ovine 
prolactin which corresponded to Fraction A in the preparation 
of Cole and Li (5). The crop sac-stimulating potency of the 
fractions of prolactin was assayed by the method of Riddle, 
Bates, and Dykshorn (6), and the luteotropic activity was as- 
saved as described by Lyons et al. (7). Prolactin was recovered 
from the urea-phosphate buffers by dialysis and lyophilization. 
The preparation and operation of the columns has been described 
before (3). Unless stated otherwise, chromatograms were per- 
formed on columns (0.65 by 30 em) of Amberlite IRC-50 in 0.13 
a phosphate-8 m urea buffer at pH 6.0. 


RESULTS 


Most of the studies of the chromatographic behavior of pro- 
lactin were carried out with a preparation of the hormone which 
was 20 to 25 i.u. per mg (7.e. about two-thirds of the potency of 
the purest preparations available), in the hope that the hormone 
and its contaminants would respond differently to changes in 
conditions, and that an improved isolation procedure could be 
developed. When this partially purified preparation of the hor- 
mone was submitted to chromatography in 0.13 m phosphate-8 
M urea, the elution pattern obtained showed four main peaks 


* Supported by a grant (A2691) from the National Institute of 
Arthritis and Metabolic Diseases, United States Public Health 
Service, and a grant (G-9870) from the National Science Founda- 
tion. 


(Fig. 1), and assay for the crop sac-stimulating potency of various 
fractions indicated that the least retained peak was about 15 i.u. 
per mg, whereas the next two peaks were 30 to 35 i.u. per mg, 
and the fourth peak was essentially inactive. A similar distri- 
bution of crop sac-stimulating activity was obtained on sub- 
mitting to chromatography a sample of the hormone which had 
been purified further. This latter sample was prepared by sub- 
mitting the previously mentioned preparation of the hormone to 
isoelectric fractionation, discarding precipitates which formed 
above pH 6.2 and below pH 4.5, and retaining the protein which 
precipitated between pH 4.5 and pH 6.2. This purified fraction 
gave a chromatogram which showed three peaks (Fig. 2). Pro- 
lactin has already been shown to contain three biologically active 
components when examined by electrophoresis (8) or by extended 
countercurrent distribution (9). Nevertheless, it was necessary 
to demonstrate that the three chromatographic peaks were not 
artifacts of the chromatographic system, and therefore, fractions 
were isolated from several chromatograms and then individually 
submitted to chromatography a second time in the original 
chromatographic system. The results of these experiments are 
presented in Fig. 3 and indicate that the three peaks are discrete, 
stable components appearing in reproducible positions on the 
chromatogram. 

All three components represented by the three chromato- 
graphic patterns shown in Fig. 3 were found to contain a crop 
sac-stimulating potency of 30 to 35 iu. per mg. The three 
fractions were also assayed for luteotropic activity (7), and al- 
though quantitative values cannot be given for the activities of 
the fractions, there was some luteotropic activity found in each 
fraction. 

The partially purified hormone was submitted to chromatog- 
raphy in 8 m urea buffers of different pH values. Chromato- 
grams obtained at many pH values are represented by those 
shown in Fig. 4 and indicate a gradual increase in the elution 
volumes of the prolactins as the pH is lowered. 

The effect of changing the concentration of urea was studied 
next: This series of experiments is represented by the two 
chromatograms shown in Fig. 5, in which it may be seen that 
lowering the urea concentration from 8 m to 7 M results in essen- 
tially complete retention of the prolactin. This is observed not 
only as a loss of the main peaks from their former positions on 
the chromatogram, but also as a low recovery (30%) of protein 
compared to the quantitative recovery when 8 M urea was used. 


DISCUSSION 


Prolactin has already been examined by electrophoresis (8) 
and countercurrent distribution (9) and three biologically active 
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components were detected in fully active (35 i.u. per mg) prepa- 
The chromatographic separation of the 
prolactins, although less impressive than the resolution of the 
insulins (3, 10), is comparable to that secured by extensive 
This resolving 


rations of the hormone. 


electrophoresis and countercurrent distribution. 
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Fic. 1. Chromatogram of partially purified prolactin on Am- 
berlite IRC-50. 
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Fic. 3. Chromatograms of fractions of prolactin isolated from 
previous chromatograms. (a) Isolated material corresponding 
to 9 to 14 ml in Fig. 2. (b) Isolated material corresponding to 16 
to 22 ml in Fig. 2. (c) Isolated material corresponding to 26 to 
44 ml in Fig. 2. 
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Fic. 4. The effect of pH on the chromatography of partially 
purified prolactin on Amberlite IRC-50 with 0.13 m phosphate-8 
M buffers used for elution. 
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Fic. 5. The effect of changing urea concentration on the 
chromatography of partially purified prolactin on Amberlite 
IRC-50 0.13 m phosphate-urea buffer at. pH 6.0 used for elution. 


power combined with its rapidity suggests the chromatographic 
method as a suitable procedure for the isolation of the individual 
prolactins. 

The chromatographic fractionation of prolactin furnishes a 
further test of the identity of luteotropin and prolactin. The 
latter is generally recognized for its role in the development and 
function of the mammary gland (11), and is commonly assayed 
by measuring its stimulation of the growth of the pigeon’s crop 
sac (6). The most potent preparations of prolactin, as deter- 
mined in this manner, are also the most potent in stimulating 
the secretion of progesterone by the corpus luteum (12). For 
this reason, and because the two activities have never been dis- 
sociated, prolactin and luteotropin have been considered to be 
identical (13). The present chromatographic technique pro- 
vides further evidence in favor of this supposition. Both the 
crop sac and luteotropic activities were found in all three chro- 
matographic peaks. This would be extremely unlikely to occur 
unless luteotropic activity were an inherent property of the same 
molecule. 
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The present study permits a comparison of the chromato- 
graphic behavior of insulin and prolactin, two proteins which, 
although similar in isoelectric point, stability, and solubility in 
various solvents, differ greatly in size. Prolactin exists in its 
monomeric form (14) with a particle weight of 25,000 under a 
variety of conditions (15-17), whereas the insulin monomer has 
a molecular weight of 5733. Although insulin aggregates on 
either side of its isoelectric point, guanidine has been shown to 
cause disaggregation (18), and the urea employed in the chro- 
matographic system should do the same. In fact, the chroma- 
tographic behavior of insulin in urea-containing buffers was un- 
changed when the load applied to the column was varied from 
1 to 100 mg (3), and since, as noted below, a change in the par- 
ticle weight would probably affect the chromatography, it is 
probably the monomer that is undergoing ion exchange. 

The difference in molecular weight seems a likely explanation 
of the greater sensitivity of the chromatography of prolactin to 
changes in urea concentration. The elution volume of insulin 
under the same chromatographic conditions used for prolactin 
increases gradually as the urea concentration is lowered (3). 
This is in contrast to the abrupt onset of extreme binding of 
prolactin when the urea concentration is lowered from 8 M to 7 M. 
This extreme binding is probably due to multipoint attachment 
(through hydrogen bonds (3)) between protein and resin, which 
would be expected to result in essentially irreversible binding 
(2). That prolactin is severely bound to the resin at higher 
concentrations of urea than in the case of insulin is expected, 
since the larger molecule would have more chance to form multi- 
point attachments than the smaller one. Furthermore, this 
general picture is supported by the finding (4) that the small 
molecule of glucagon is retained by the resin less than the some- 
what larger insulin, in spite of its more basic isoelectric point 
which would be expected on the basis of simple ion exchange to 
cause glucagon to be retained more, rather than less. The ob- 
servations just discussed support the notion that hydrogen bond- 
ing is occurring in these ion exchange systems, as postulated by 
Boardman and Partridge (2), and that although moderate con- 
centrations of urea are adequate to control severe hydrogen 
bonding when molecules the size of insulin are to be chromato- 
graphed, 8 m urea is the minimal concentration which is sufficient 
to control the problem in the chromatography of a molecule as 
large as prolactin. 
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SUMMARY 


Prolactin has been successfully chromatographed on columns 
of Amberlite IRC-50 ion exchange resin with 0.13 mM phosphate-8 
M urea buffers at pH 6.00. This system resolves three compo- 
nents in the fully active hormone. These three components 
were found to be equally active in crop sac-stimulating potency, 
and each was found to contain luteotropic activity. 

Although ion exchange appeared to predominate in the chro- 
matography of prolactin in 8 M urea, a nonequilibrium type of 
binding, presumably multipoint hydrogen bonding, occurred in 
7 M urea and resulted in essentially irreversible binding of the 
prolactin to the resin. Thus, a higher concentration of urea is 
required to overcome severe hydrogen bonding in the case of 
prolactin than in the case of the smaller protein, insulin. 
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During an investigation of the gene-enzyme relationships in 
histidine biosynthesis in Salmonella typhimurium, it became 
desirable to determine, in crude extracts, the approximate mo- 
lecular weights of several enzymes. We have found sucrose 
gradient centrifugation to be a suitable method for determining 
sedimentation coefficients of enzymes in protein mixtures. A 
variety of enzymes of known properties have been studied in the 
development of the method. 

Although the separation cell of Yphantis and Waugh (1) has 
been demonstrated to be applicable to the determination of 
molecular weights when multiprotein solutions are used, the 
present method has several advantages over that system and 
these advantages will be discussed. 

Sucrose gradient centrifugation, using the swinging bucket 
head of the preparative ultracentrifuge, has been used exten- 
sively in the determination of sedimentation constants of vi- 
ruses, mitochondria, microsomes, and ribosomes (2, 3). The 
adaptation of this method to relatively low molecular weight 
substances is reported here. 

In the sucrose gradient technique the sample to be studied is 
layered on a gradient and materials of different sedimentation 
properties separate from each other during the centrifugation. 
A hole is then punched in the bottom of the centrifuge tube and 
fractions are collected and analyzed. 

With slight modifications in the design of the apparatus for 
gradient production and fractionation, we have found the 
method to be simple and accurate. Sedimentation coefficients 
have been determined for a number of well characterized en- 
zymes as well as a sample of ribonucleic acid, and the results 
are in good agreement with the values reported by others. The 
same values have been obtained whether the enzymes were 
analyzed as pure proteins or mixed with crude extracts. 

Although sedimentation coefficients were directly calculated 
for a variety of substances in order to determine the accuracy of 
the method, in general use the procedure may be simplified. 
The sedimentation coefficient (or approximate molecular weight) 
of an unknown enzyme may be determined by a simple ratio of 
mobilities when a standard well characterized enzyme has been 
added to the protein mixture. 

With the use of this technique the sedimentation behavior of 
several of the enzymes in the pathway of histidine biosynthesis 
in S. typhimurium has been determined. 


* This work was begun during service as an officer in the United 
States Public Health Service under the Commissioned Officers: 
Student Training and Extern Program (CO-STEP). 


EXPERIMENTAL PROCEDURE 


Materials and Assays—Lyophilized yeast alcohol dehydro- 
genase obtained from Worthington Biochemical Corporation 
was dissolved in 0.05 m Tris-HCl buffer, pH 7.5, to a concentra- 
tion of 10 mg per ml and stored at 3°. Before use on the sucrose 
gradient it was diluted to 0.20 mg per ml with the Tris buffer. 
The dehydrogenase was assayed in a Cary spectrophotometer 
by following the increase in absorption at 340 my for 20 seconds 
of a 1-ml reaction mixture containing 170 umoles of ethanol, 50 
umoles of Tris, pH 8.5, 15 wmoles of DPN, and 5 to 20 ul of 
enzyme fraction. Units of activity were expressed in terms of 
change in absorbancy per 20 seconds per 10 wl of enzyme frac- 
tion. 

Lyophilized egg white lysozyme (Worthington, twice crystal- 
lized) was dissolved in 0.05 m Tris buffer, pH 7.5, to a concen- 
tration of 100 mg per ml and stored at 3°. Before use it was 
diluted to 5 mg per ml in this buffer. Lysozyme was assayed 
by following the decrease in turbidity at 650 my of a 1-ml reac- 
tion mixture containing 10 uwmoles of Tris, pH 8.0, and enough 
Micrococcus lysodeikticus cell walls (Difco Laboratories, Bacto- 
lysozyme substrate) to give an absorbancy of approximately 2.0 
absorbancy units in the Cary spectrophotometer. The reaction 
was started with 5 to 20 ul of enzyme fraction and activity was 
expressed in terms of the change in absorbancy per 20 seconds 
per 10 wl of enzyme fraction. 

Beef liver catalase was obtained as an aqueous ammonium 
sulfate suspension of approximately 40 mg per ml of protein 
(Worthington). Before use, it was diluted to 0.40 mg per ml 
in 0.05 m Tris buffer, pH 7.5. Catalase was assayed by follow- 
ing the decrease in absorbancy at 240 my of a 3-ml reaction 
mixture containing 30 umoles of potassium phosphate buffer 
at pH 7.5, 18 umoles of H2Oe, and 5 to 20 ul of enzyme fraction. 
Activities were calculated in terms of change in absorbancy per 
20 seconds per 5 ul of enzyme fraction. 

All enzyme assays were approximately linear in the concen- 
tration ranges used. 

Soluble RNA from rabbit liver in a concentration of approxi- 
mately 6.5 mg per ml (130 absorbancy units per ml at 260 my) 
was kindly supplied by Dr. Samuel Luborsky. The RNA was 
stored at —15° and diluted with 2 volumes of water before use. 
It was assayed by its absorption at 260 mu. 

Extracts and Assays of Histidine Biosynthetic Enzymes—The 
histidine mutants were obtained from Dr. P. E. Hartman. The 
medium, growth of strains, preparation of Nossal extracts, and 
assays have been previously described (4) with the exception 
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that histidinol was substituted for histidine in the growth media 
of the histidine-requiring mutants.! Crude, undialyzed extracts 
were usually placed directly on the sucrose gradient. In some 
cases the extract was subjected to Sephadex gel filtration (5) 
by passing 1 ml of extract through a 1- X 5-cm column contain- 
ing 1 g of Sephadex G-25 (Pharmacia Company, Uppsala, 
Sweden), equilibrated with 0.01 m Tris, pH 7.5. The protein 
solution was eluted with the Tris buffer, and the 1.2 ml which 
contained the protein free from salt were collected. 

In order to obtain a partial purification of the histidine en- 
zymes, a DEAE-cellulose (6) column similar to that previously 
described was used (7). Salmonella hisG-46 mutant cells were 
grown and harvested. The cells were suspended in 10 ml of 
TSM buffer? and subjected to sonic oscillation for 10 minutes 
at 0° in a 10-ke Raytheon sonic oscillator. The extract was 
spun at 25,000 x g for 45 minutes and the supernatant was 
passed through a 3- X 21-cm, 20-g Sephadex G-25 column which 
had been equilibrated with TSM buffer. The fractions showing 
appreciable activity were combined. (The specific activity of 
this sonicated extract was approximately the same as the spe- 
cific activities obtained on the Nossal extracts.) The enzyme 
was then purified on a 2- X 25-cm, 8.3-g gravity-packed DEAE- 
cellulose column, washed according to Peterson and Sober (6), 
and equilibrated with TSM buffer. The enzyme extract (20 
ml) was washed into the column with 5 ml of TSM buffer and 
then eluted with a linear 0.00 to 0.80 m NaCl gradient in TSM 
buffer. Fractions of approximately 2.3 ml were collected every 
90 seconds. Protein concentrations were determined according 
to the method of Lowry et al. (8). As previously reported (7), 
complete separation of histidinol dehydrogenase and imidazole 
acetol phosphate transaminase from each other and from the 
histidinol phosphate phosphatase-imidazole glycerol phosphate 
dehydrase peak was obtained. The ratio of phosphatase activ- 
ity to dehydrase activity was constant throughout the eluted 
fractions (7). A 10-fold increase in specific activity was ob- 
tained for each of the enzymes. The fractions with maximal 
activity had a 450-fold higher specific activity than wild-type 
and contained less than 2.5% nucleic acid based on their 280 to 
260 my ratio of 1.1 (9). 

Apparatus for Making Sucrose Gradients—A modification of 
the simple design of Britten and Roberts (3) was used to pro- 
duce linear sucrose gradients. Their design consists of a block 
of Lucite containing two chambers that are connected at the 
bottom by a removable screw pin. An outflow tube extends 
from one chamber. This basic design was altered only in that 
a stopcock was introduced between the two chambers to replace 
the screw pin. We employed a polyethylene outflow tube which 
was drawn out in a flame so that emptying time with 2.3 ml of 
sucrose in each chamber was approximately 10 minutes. The 
chamber next to the outflow tube was stirred with a platinum 
bacteriological inoculating loop which was mounted on a motor. 
The stirring speed was adjusted to give good mixing with mini- 
mal disturbance of the meniscus. 

The apparatus was filled by turning the stopcock to the 
open position so that free flow existed between the two 
chambers. The less dense sucrose solution was then added to 


1 Specific activities for the histidine enzymes up to 40 times wild 
type have been observed when Salmonella his mutants are grown 
on 0.05 mm histidinol. 

*TSM buffer: 0.01 m Tris (free base), 0.005 m magnesium ace- 
tate, and 0.004 m succinic acid, the pH adjusted with NaOH to 7.6. 
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one chamber and the block rocked back and forth to free air 
bubbles that might have been caught in the passage between 
the two chambers. The stopcock was then turned to the closed 
position and the two chambers were emptied and wiped dry. 
The block was placed in a clamp, the stirrer adjusted, the out- 
flow tubing bent upward so that its tip was above the top of 
the chambers, and each of the two chambers was filled with 2.3 
ml of sucrose-buffer solution of the desired concentration. In 
all the experiments reported here, 20% (weight per volume) of 
cold sucrose (0.584 M) in 0.05 m Tris-HCl buffer at pH 7.5 was 
placed in the mixing chamber and 5% (weight per volume) of 
cold sucrose (0.146 m) in 0.05 m Tris-HCl buffer at pH 7.5 was 
placed in the adjacent chamber. The rotor was started, the 
stopcock opened, and the tip of the outflow tube placed at the 
top of a Lusteroid centrifuge tube. Occasionally gentle suction 
was required to start the flow. To assure linearity of the gra- 
dient, care was taken to observe that the fluid levels in the two 
chambers were equal during emptying. 

In initial experiments the production of gradients was tested 
by mixing dichlorophenolindophenol with the 20°% sucrose 
solution. Perfectly linear plots of absorbancy at 600 my against 
fraction number were obtained when 44 fractions were collected. 
Gradients were stable for at least 48 hours. A 0.05-ml hold-up 
volume in the apparatus resulted in the delivery of only 4.55 j 
ml to the centrifuge tube. 

Layering of Sample—The gradients were stored in a 3° cold 
room for 4 to 18 hours before use. To start a run, the substance 
to be studied was diluted to the desired concentration and 0.10 
ml was layered on the gradient; care was taken to avoid bubble 
formation. It is essential that the material to be layered on 
the gradient float on 5% sucrose. To insure convection-free 
sedimentation, protein solutions of considerably less than 5% 
(approximately 2% or less) must be used (3). A sharp inter- 
face between the sucrose and protein solution was always ob- 
served and this interface remained distinct for the several min- 
utes required to load the centrifuge tubes into the rotor buckets. 

Centrifugation—The characteristics and dimensions of the 
swinging bucket rotor SW-39 designed to fit the model L Spinco 
centrifuge (Beckman Instruments, Inc., Spinco Division, Palo 
Alto, California) have been described (10), as have the errors 
resulting from the use of nonsector-shaped centrifuge tubes (2). 
The total volume used in these experiments was 4.65 ml (4.55-ml 
gradient plus 0.1-ml sample) and the distance from rotor center 
to meniscus, allowing 0.01 cm for rotor stretch and 0.03 em for 
radial shift of the meniscus, was calculated to be 6.02 cm (10). 
Further correction is required because the protein layer is not 
infinitesimally thin. It was assumed that the protein moves 
from the middle of the layer. The calculated distance from the 
rotor center to the middle of the protein layer was 6.06 cm. 

Because of the stability rendered to the solution by the sucrose 
gradient (2, 3) very much less care was needed in the operation 
of the centrifuge than described by Hogeboom and Kuff (10). 
The rotor was accelerated very slowly for approximately 10 
seconds to eliminate the initial lash given to the rotor by the 
drive shaft when the two were not fully engaged. After this, 
the r.p.m. control knob was immediately turned to full speed, a 
setting of 39,000 r._p.m. The rotor was decelerated by turning 
the time knob to zero and allowing the rotor to coast to a halt 
with the brake off. 

It is worthy of note that accurate calculations of rotor speed 
must be based on the odometer readings; the speed setting and 
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tachometer are unreliable.’ During relatively long runs (over 
4 hours), the rotor speed tends to vary somewhat. Conse- 
quently, for each centrifugation the odometer was read before 
starting and at the time when deceleration was begun so that an 
average speed was obtained. The time was then corrected to 
the equivalent time of centrifugation at 38,000 r.p.m. by the 
equation, (r.p.m.);; = (r.p.m.) 52. The time of centrifugation 
was taken as the period from the start of acceleration of the 
rotor to the start of deceleration. Deceleration took 13 minutes 
from full speed, and integration of the plot of time against speed 
during deceleration gave an estimated 43 minutes of centrifuga- 
tion at 38,000 r.p.m. Acceleration took 4 minutes, which was 
equivalent to 2} minutes of centrifugation at 38,000 r.p.m. 
Therefore, 3 minutes were added to the time of centrifugation. 

Another troublesome aspect of the centrifuge was the main- 
tenance of a constant temperature during the centrifugation, 
this perhaps because our instrument was not equipped with an 
auxiliary ultrahigh vacuum system. Successful runs at 3° in the 
swinging bucket rotor were accomplished only by precooling the 
rotor chamber (with the vacuum on) to its lowest setting (—18° 
on our instrument). The precooled head (3°) was then rapidly 
loaded into the centrifuge. Wath the above precautions, the 
temperature increase of the samples during 17 hours of centri- 
fugation could be kept to less than 0.8°.4 

Sampling—In their work with CsCl gradient centrifugation, 
Weigle et al. (11) emptied centrifuge tubes progressively and 
uniformly by punching a hole in the bottom of each tube with a 
needle and collecting the drops. We have devised a simple 
fractionator, based on this principle, which yields a constant 
number of drops from the 4.65 ml in each tube® (Fig. 1). In 
operation, the bottom end piece with its needle was carefully 
cleaned and forced into place. After the fractionator had been 
placed in a clamp, the Lusteroid centrifuge tube was carefully 
lowered into the apparatus with a pair of forceps. The upper 
end piece was positioned and pressed down, forcing the Lusteroid 
tube through the needle and starting the flow of drops. The 
rate of flow could be controlled by the syringe and was kept at 
approximately 1 drop per second. A soft rubber gasket pre- 
vented leakage around the needle. With the system described 
above, it was possible to collect 308 + 5 drops which were usually 
divided into 44 fractions (7 drops in each). As the needle rested 
approximately 0.7 mm above the bottom of the tube, about 3 
drops remained in the tube. To check the efficiency of the 
fractionation system, a gradient was made similar to the one de- 
scribed for testing the gradient-making apparatus, with dye in 
the 20% sucrose. The samples were collected from the frac- 
tionator and the absorbancy at 600 my was determined. A 
linear plot of tube number against absorption was obtained 
through tube 43. The last fraction had slightly higher extinc- 
tion than expected. Presumably this was due to mixing of the 
solutions below and above the level of the needle, resulting from 
the turbulence produced when the last frothy drops are forced 
through the needle. Although it might be expected that the 
sucrose concentration would affect the drop size, the volume 
difference between the first and last fractions was less than 3%. 
Drops were, therefore, considered to be of constant size, 14.7 + 


3’ Beckman Instruments, Inc., a personal communication. 

4 The temperature immediately before and after centrifugation 
was determined in a bucket containing only a sucrose gradient. 

5’ Subsequent to this investigation, a more elaborate but essen- 
tially similar fractionator was reported (12). 


Sedimentation Behavior of Enzymes 


FRACTIONATOR 


RUBBER HOSE 
TO SYRINGE 


BORED CORK IN END 
PIECE LEVEL WITH 
THIS END OF END 
PIECE 


LUSTEROID TUBE BEING 
LOWERED INTO POSITION 


DRYING TUBE 


CUT OFF END OF 
CENTRIFUGE TUBE 


BOTTOM END PIECE 
FITTED WITH RUBBER 
STOPPER 


Fic. 1. A Nalgene drying tube with two end pieces (No. 1251 B, 
Phipps & Bird, Ine., Richmond, Virginia) was cut to 2.5 inches. 
A Nalgene centrifuge tube, 100 X 16 mm (No. 1210-1, Phipps & 
Bird, Inc.) with an internal diameter which just allowed easy 
passage of the Lusteroid centrifuge tube was cut to a 1.5-inch 
hollow cylinder. This cylinder was forced into the drying tube 
far enough to allow the bottom end piece of the drying tube to 
rest against the cylinder when the end piece was inserted in the 
drying tube. The bottom end piece was then fitted with a No. 00 
rubber stopper carefully whittled to fit snugly. On this was 
placed a circular piece of soft rubber with a diameter equal to the 
internal diameter of the end piece. A 2l-gauge syringe needle 
with the adapter end broken off and the sharp end filed down to a 
double bevel was forced up through the rubber stopper and soft 
rubber gasket so that it protruded 1 mm above the latter. A 
cork with a 5-mm diameter bore through it was placed in the upper 
end piece and cut off so that it was even with the plastic ridge ot 
the end piece. The upper end piece was then fitted with a rubber 
hose to a 50-ml syringe. 


0.4 ul. Asan added precaution to maintain drop size, the needle 
was frequently cleaned with a stylette. 


THEORETICAL 


The definition of the sedimentation constant s7,,, in a medium, 
m, at temperature, 7’, is given by the equation (2, 13): 
dx/dt 

wr 


(1) 


.m = 


where w is the angular velocity of the rotor in radians per second, 
x is the distance from the rotor center to the boundary, and dx/dt 
is the velocity of movement of the boundary. The sedimenta- 
tion constant, s, is generally extrapolated to the “standard state” 
taken as that of water at 20°: . 


nT.m(Pp — PxH.w) (2) 
720.w(Pp = pPT.m) 


$200.u = ST.m 
where n7r,m is the viscosity of the medium at the temperature of 
centrifugation, 720, is the viscosity of water at 20°, p, is the 
density of the protein in solution (7.e. the reciprocal of the partial 
specific volume, v), pr,m is the density of the medium at the 
temperature of centrifugation, and pe, is the density of water 
at 20°. As the partial specific volume of most proteins varies 
little with temperature (14), p, is generally considered constant. 
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gradient at 3°. The partial specific volumes (0) in cm* per g and 
sedimentation constants at 20° in water (s20,~) in Svedberg units 
(S) are indicated. 


Equation 2 is applicable to centrifugation in a sucrose gradient, 
as it is for centrifugation in uniform media, but in the former case 
both the viscosity (n7,m) and the density (p7,,) are functions 
of the sucrose concentration and hence of the distance of the 
medium from the rotor center. Combining Equations 1 and 2: 


m 1 
-- dx (3) 


w*s,,dt = A 
(pp — prm) 2 


where the term = (pp, — peo, ~) /Neo, iS a constant for any given 
partial specific volume (1/p,). 
The left-hand side of Equation 3 can be readily integrated: 


t 
[ = 
0 


The right-hand side of Equation 3 can be numerically inte- 
grated using the trapezoidal approximation: 


0 
Zi+1 


This is performed by tabulating arbitrary distances (z;) from 
the rotor center starting at 6.10 cm (the start of the sucrose 
gradient) and ending at 9.62 cm (the point at which the sucrose 
gradient would end if the centrifuge tube were perfectly cylindri- 
cal) against sucrose concentration. With standard tables of 
sucrose molarity against density and viscosity at given tempera- 
tures (2), F(z) = nr.m(2i)/lpp — pr.m(2i)|z; can be calculated 
for each distance, 2;, and hence the right side of Equation 3 
determined for any assumed p,. Plotting 2; against w*t (or 2; 
against t for a given w), one obtains a family of theoretical curves 
lor substances of different soo, values and an assumed p,.® Fig. 
2 shows the theoretical curves for centrifugation at 3° for sub- 
stances of partial specific volume 0.725 cm per g, and 820, values 
of 11.0, 7.4, and 2.15 S. In the same figure are the curves for 
substances of se,~ 11.0 S and partial specific volumes 0.500, 
0.725, and 0.800 cm? per g. Fig. 2 indicates that a very nearly 
 inear relationship should exist between the distance traveled 


‘This method of analysis is similar to that of de Duve et al. 
_ () except that a different approximation has been used to find the 
dumerically determined integral. 
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Fic. 3. Theoretical curves demonstrating the effect of assumed 
partial specific volume upon the calculation of s20... These 
curves are applicable only for the particular sucrose gradient 
employed and for a rotor head of the dimensions of the SW-39. 
The curves are very steep in the range 0.70 to 0.75 em per g D. 


by the enzyme and the time of centrifugation when substances 
of partial specific volume less than 0.80 cm’ per g are examined. 

Large differences in partial specific volume result in signifi- 
cantly different values when the s20,,, is calculated. If the par- 
tial specific volume for a protein is assumed to be 0.800 cm? per 
g, aN So,» can be calculated, whereas a slightly different sz9_,, 
will be arrived at if a partial specific volume of 0.500 cm* per g 
is assumed. For example, one cannot adequately distinguish 
between substances with s20,, values of 11.0, 12.0, and 12.88 
with corresponding partial specific volumes of 0.500, 0.725, and 
0.800 em* per g. However, since most proteins have partial 
specific volumes between 0.700 and 0.750 cm* per g (14), the 
assumption in all calculations of a partial specific volume of 
0.725 cm? per g will result in less than 3% error in the estimation 
of Sx, for most proteins. Alternatively, one may define an 
So, as the S29, ~ calculated on the assumption of a partial specific 
volume of 0.725 cm’ per g. Correction of the Ps so defined to 
the true so,~ cannot be accomplished by a simple mathematical 
ratio if the partial specific volume is determined later. In Fig. 
3 the effect of partial specific volume on the calculated s29,,, has 
been plotted for — values of 1 to 158. Interpolating from 
these curves it is possible to obtain the se, of a substance from 
its — when the partial specific volume is available. 


RESULTS 


“Standard” Enzymes—Three well characterized crystalline en- 
zymes of different sedimentation rates (yeast alcohol dehydro- 
genase, bovine liver catalase, and egg white lysozyme) were 
chosen as standards. In Fig. 44 the sedimentation pattern of 
catalase after 4 hours of centrifugation at approximately 20° is 
shown. The dotted line represents the sedimentation pattern 
obtained from a second centrifuge tube run concomitantly in 
which catalase at the same concentration had been mixed with 
yeast alcohol dehydrogenase before centrifugation. Fig. 4B 
shows the patterns for yeast alcohol dehydrogenase during the 
same experiment.? In other experiments these two enzymes also 


7 To obtain the greatest reproducibility it was found necessary 
to count the number of drops in the last fraction and to plot the 
width of this fraction accordingly. This has been done in all 
sedimentation patterns reported. 
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appeared to move at their characteristic rates in pure solution or 
combined with other proteins. 

Fig. 5 shows an example of the centrifugation patterns of 
catalase, yeast alcohol dehydrogenase, and lysozyme obtained 
by this method. The dotted lines represent the corresponding 
enzymes which have been diluted to the same concentration in a 
crude extract of S. typhimurium. The distance in centimeters 
from the meniscus to the enzyme peak was estimated to two deci- 
mal places by the symmetry of the curve. In Fig. 6 the distances 
of the enzyme peaks from the meniscus, as determined from Fig. 
5 and many similar centrifugation experiments (all at 3°), are 
plotted as a function of the time of centrifugation. The time of 
centrifugation was corrected to the equivalent time at 38,000 
r.p.m. (The correction to the time of centrifugation at 38,000 
r.p.m. includes both the corrections for the actual rotor speed 
and for the time of rotor acceleration and deceleration.) A 
similar set of curves was obtained at 15°; steeper slopes were 
observed. 

As predicted, the rate of centrifugation is very nearly constant 
for any one of these three enzymes. The Pda determined for 
bovine liver catalase by this method was 11.3 S at 3°. (An 
identical value was obtained at 15°.) With the data in Fig. 3 
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Fig. 4. Sucrose gradients were placed in each of the three 
buckets of the SW-39 rotor. Catalase (0.04 mg in 0.10 ml) was 
layered on gradient 1, yeast alcohol dehydrogenase (0.02 mg in 
0.10 ml) on gradient 2, and a mixture of the two enzymes (0.04 
mg of catalase and 0.02 mg of dehydrogenase in 0.10 ml) on gra- 
dient 3. The rotor was run at approximately 20° for 4 hours at 
38,000 r.p.m. A. Catalase activity was assayed in each fraction 
of gradient 1 (solid line) and gradient 3 (dotted line). B. Yeast 
alcohol dehydrogenase was assayed in each fraction of gradients 
2 (solid line) and 3 (dotted line). 
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Fic. 5. Lysozyme (0.5 mg), catalase (0.04 mg), and yeast aleo- 
hol dehydrogenase (0.02 mg) mixed in 0.10 ml of 0.01 m Tris buffer, 
pH 7.5, were layered on a sucrose gradient. After 12.8 hours of 
centrifugation at 37,700 r.p.m., 3°, the gradient was fractionated 
and analyzed (solid lines). In a second gradient, centrifuged at 
the same time, these enzymes were diluted to the same final con- 
centrations in a crude extract of Salmonella mutant hisG-46 (dotted 


lines). 
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Fic. 6. Each point represents the results of a centrifugation 
experiment similar to Figs. 5 or 7. All experiments were carried 
out at 3°. The time of each experiment has been corrected to the 
equivalent time of centrifugation at 38,000 r.p.m. The solid lines 
represent the theoretical sedimentation behavior for macromole- 
cules of partial specific value 0.725 cm* per g and the indicated 
S20,0 Values (in Svedberg units). 


and if a partial specific volume of 0.73 cm? per g (15) is assumed, 
the calculated s2,, is 11.4 S. Previous investigators (15) re- 
ported a value of 11.3 S (concentration not stated) with optical 
techniques. 

Yeast alcohol dehydrogenase has been reported to have an 
$20,» of 7.2 (1% solution) (10), 7.61 (concentration not stated) 
(16), and 6.72 S (extrapolated to infinite dilution, centrifugation 
at 0°) (17), in the optical centrifuge. An $29, of 7.6 S (concen- 
tration, 0.0005%, 25°) has been reported by Kuff et al. with 
their technique (18). In these experiments an i ia 7° of 7.48 was 
found. With the reported (17) partial specific volume for this 
enzyme (0.769 cm? per g) and the data of Fig. 3, an s20,w of 7.6 
S was calculated. 


The s2,, values that have been reported for egg white lyso- 
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Fic. 7. A centrifugation pattern for rabbit liver soluble RNA 
Approximately 0.21 mg of this material in 0.10 ml was layered on a 
sucrose gradient which was 0.2 N in NaCl (no buffer). The frac- 
tions were assayed by absorbancy (optical density) at 260 my 
after 9.15 hours of centrifugation at 38,000 r.p.m., 3°. 
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Fic. 8. Sedimentation patterns for histidinol dehydrogenase 
and imidazoleacetol phosphate transaminase. A crude extract of 
Salmonella mutant hisEF-135 was centrifuged for 16.50 hours at 
33,300 r.p.m., 3°. The dehydrogenase activity is expressed in 
change in absorbancy at 600 my per minute per 20 ul of enzyme 
fraction. The transaminase activity is expressed in change in 
absorbancy at 295 my per 20 minutes per 20 ul of enzyme fraction. 
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Fic. 9. Sedimentation behavior of histidinol dehydrogenase 
(O) and imidazoleacetol phosphate transaminase (@). Each 
point represents a centrifugation experiment similar to the one 
shown in Fig. 8. The enzyme source for each set of experiments 
was a Salmonella his mutant as indicated in the figure. Both 
enzymes were assayed from aliquots of the same set of fractions 
obtained after centrifugation. The curves represent the theoreti- 
cal sedimentation behavior for proteins of partial specific volume 
0.725 em? per g and S20,. values of 4.8 S (dotted line) and 5.1 S 
(solid line). 
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zyme in the optical centrifuge are 2.11 (1.3% protein), 2.09 
(0.9% protein), 2.12 (0.5% protein) (19), 1.9 (1.5 to 0.5% pro- 
tein) (20), 1.8 (concentration not stated) (21), and 1.945 (1% 
protein) (10). Hogeboom and Kuff (10), using 1% solutions, 
obtained values of 2.01 and 1.88 8S. The determined 
here was 2.1 S; corrected to a partial specific volume of 0.722 
cm per g (19), the s,, is also2.1S. 

Soluble RNA, a high molecular weight substance of partial 
specific volume markedly different from protein, was tested on 
a sucrose gradient. A typical centrifugation pattern is shown 
in Fig. 7. Fig. 6 indicates that soluble RNA also sediments in 
this gradient with a constant velocity. The So. Was calculated 
to be 4.68. The s20,.8 and partial specific volume of the same 
preparation of rabbit liver soluble RNA were determined by 
Dr. Samuel Luborsky.2 In a model E Spinco centrifuge 
equipped with ultraviolet optics he obtained a pattern with a 
single major peak at 4.5 + 0.1 5 and small amounts of material 
of lower and higher sedimentation rate. The partial specific 
volume determined pycnometrically was 0.48 cm* per g (22). 
The Peg of 4.65 is equivalent to an so, of 4.4 S with this par- 
tial specific volume. 

Histidine Biosynthetic Enzymes—We have determined the ap- 
proximate molecular weights of several of the enzymes of histi- 
dine biosynthesis by examining partially purified enzyme prep- 
arations as well as crude extracts. That crude extracts may be 
used for the determination of sedimentation coefficients is dem- 
onstrated in Fig. 5. The same sedimentation constants were ob- 
tained with crude and partially purified preparations of the 
histidine enzymes. 

Partially purified histidinol dehydrogenase and imidazole 
acetol phosphate transaminase were placed on sucrose gradients 
and centrifuged (Fig. 8). Fig. 9 shows the combined results for 
the centrifugation determinations of crude Nossal extracts and 
of the partially purified enzymes. The calculated s;.,. values 
for these enzymes are 5.1 8 for the dehydrogenase and 4.8 8 for 
the transaminase. 

Preliminary studies have been carried out on phosphoribosy]- 
ATP pyrophosphorylase (22), the first enzyme of the histidine 
biosynthetic pathway. This enzyme has a sedimentation con- 
stant of about 8.6 5S. 

The centrifugation results with imidazole glycerol phosphate 
dehydrase and histidinol phosphate phosphatase indicate aggre- 
gation. The sedimentation patterns are complicated in that 
multiple peaks appear. Magnesium ions or mercaptoethanol 
alters these peaks. A slow moving component is the major one 
in the absence of these substances, and there is, primarily, a heavy 
component in the presence of mercaptoethanol or magnesium. 
The dehydrase and phosphatase activities appeared to migrate 
together in several experiments, although further work on this 
complicated system is necessary. 


DISCUSSION 


The ultracentrifugation technique presented here (2, 3) differs 
from the usual methods of analysis in several aspects. A major 
attribute of this system derives from the particular sucrose 
gradient employed. The viscosity and density of this sucrose 


8 The medium used in Dr. Luborsky’s experiments and our own 
was 0.2 m NaCl (no buffer). 

9S. Luborsky and G. L. Cantoni, to be submitted for publica- 
tion, Biochim. et Biophys. Acta. 
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gradient are such (at least in the temperature range 3° to 15°), 
that essentially linear migration of most biological materials 
results. Thus, the ratio of the distances traveled from the 
meniscus by any two substances will always be constant. There- 
fore, if an unknown substance is compared with a standard, 
careful control of temperature, time, and speed of centrifugation 
are unnecessary. The use of such a standard of known sedi- 
mentation coefficient highly simplifies the technique. Experi- 
mentally, the ratio, R, can be easily determined after any time 
of centrifugation: 


_ distance travelled from meniscus by unknown 
distance travelled from meniscus by standard 


R 


And because of the nearly constant rate of movement of any 
macromolecule: 
Of unknown 


R= 
soo. of standard 


Or, for macromolecules of the same partial specific volume: 


S09,» Of unknown (4) 


Sx. of standard 


For substances of similar partial specific volumes, this last equa- 
tion will be very nearly correct. For more accurate determina- 
tions of sedimentation constant, the approach outlined in ‘“‘The- 
oretical’’ may be followed. 

A second aspect which distinguishes this technique from con- 
ventional optical methods is the form of analysis used. Multiple 
fractions of the solution are obtained and these fractions may be 
analyzed for any of a variety of properties: radioactivity, en- 
zymatic activity, chemical properties, etc. Thus, a particular 
biological material in a multicomponent mixture may be localized 
by itschemical activity. Andhence, the sedimentation coefficient 
of a biologically active substance may be determined in a crude 
extract. Furthermore, in some cases amounts of material so 
small as to be undetectable by the most sensitive optical tech- 
niques may be detectable by another parameter. The disadvan- 
tage of any technique in which a parameter other than optical 
measurement is used is that the centrifugation pattern deter- 
mined obtains for a particular time of centrifugation, and 
multiple patterns cannot be gotten on the same sample. 

Other systems for the determination of sedimentation coeffi- 
cients in crude extracts, particularly the separation cell of 
Yphantis and Waugh (1), have been demonstrated to be highly 
efficient. In the present system, multiple fractions are obtained 
and analyzed, whereas only two are obtained in the separation 
cell. Several advantages arise from the analysis of multiple 
fractions: protein aggregation which can easily go undetected in 
the separation cell is readily detected; multiple enzymes of 
widely divergent sedimentation coefficients can be analyzed in 
the same experiment; and high resolution of the sedimentation 
pattern is possible. In addition, the present technique employs 
the less expensive ‘‘preparative”’ ultracentrifuge. A disadvan- 
tage of this technique relative to the separation cell is that dif- 
fusion coefficients cannot be directly determined. 

With the use of this technique, a moving zone of material is 
analyzed rather than the boundary of an initially uniform solu- 
tion. Because materials of different sedimentation properties 


are separated from each other during the centrifugation, the 
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TABLE 
Molecular weight of histidine biosynthetic enzymes 

57 ,000 140,000 
Alcohol dehydrogenase.......| 86,000 78 ,000 190 ,000 
. 68 ,000 170 ,000 
procedure may be used for enzyme purification. Indeed, small 


volumes of enzyme have been partially purified with the SW-39 
rotor,’ and good results with much larger volumes have been 
achieved in preliminary studies with the SW-25 swinging bucket 
rotor.'! 

No protein-protein interactions or protein-nucleic acid inter- 
actions were observed in this investigation. Even lysozyme, a 
basic protein, showed the same behavior when mixed in a crude 
extract and when pure. This lack of interaction may be due to 
some effect of the sucrose in minimizing interactions or to the 
fact that very dilute solutions were used compared to what is 
required in an analytical centrifuge. Nonetheless, protein-pro- 
tein interactions are a potential source of error in protein mix- 
tures. 

The greatest disadvantage of sucrose gradient centrifugation 
is the necessity of knowing the partial specific volume in order 
to determine the true s20,~. However, as discussed previously, 
the error from the assumption of a partial specific volume of 
0.725 cm per g for any protein will be small. 

A crude estimation of the molecular weight (W/W), can be ob- 
tained from the sedimentation constant alone (13): 


and for most proteins the ratio s,/sz is equal to R. (See Equation 
4.) This equation derives from the fact that many proteins are 
essentially spherical molecules. Although most globular pro- 
teins, 2.e. nearly all enzymes, are only roughly spherical, the 
relationship between s and ./W is approximately correct (13). 

With the above approximation and the data presented above, 
the molecular weights of the histidine biosynthetic enzymes have 
been calculated (Table I). Lysozyme (VW = 17,200 (19)), 
alcohol dehydrogenase (JW = 150,000 (17)), and catalase 
(17W = 250,000 (15)) were used as standards. 

The variation in the estimated molecular weight for any partic- 
ular enzyme (Table I) may be due to two factors. The standard 
enzymes vary somewhat in shape, 7.e. they are not perfect 
spheres. Also, there is some inaccuracy in the reported molecu- 
lar weights of the standards. 


10K. Racker and M. Maver, personal communication. 

1 One milliliter of a crude extract of Salmonella hisEF 135 was 
placed directly on a 29-ml, 5 to 40% sucrose gradient and centri- 
fuged for 24 hours in the SW-25 swinging bucket rotor. Thirty 
1-ml fractions were collected. Eighty-seven per cent of the input 
activity of phosphoribosyl-ATP pyrophosphorylase (23) was found 
in four fractions. The two peak tubes containing over 60% of the 
input activity had specific activities close to 10-fold greater than 
the starting material. A large portion of the nucleic acid present 
in the crude extract was also removed from these fractions, judg- 
ing from the absorbancy at 280 and 260 mu. 
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We were interested in seeing whether any correlation could be 
made between the molecular weights of the histidine biosynthetic 
enzymes and the genetic complementation data of Hartman et al. 
(23, 24). These authors showed that the transaminase gene (C 
mutants) has one subunit, the dehydrogenase gene (D mutants) 
has two subunits, and the pyrophosphorylase gene (G mutants) 
has one subunit. These three enzymes have been found to have 
molecular weights of roughly 68,000, 75,000, and 170,000. Thus, 
there does not appear to be a correlation between the number of 
subunits in a gene and the molecular weight of the corresponding 
enzyme. However, any conclusions based on the molecular 


weight of an enzyme could be in error if the enzyme is made up 


of a complex of several monomer units, as is the case for glutamic 
dehydrogenase (25). Further investigations of genetic map 
length and of molecular weight are being undertaken and will be 
necessary before any conclusions concerning a correlation be- 
tween map length and enzyme size can be made. 

We were also interested in trying to determine whether or not 
the histidine biosynthetic enzymes are associated intracellularly 
in some sort of functional aggregate. In experiments using su- 
erose gradient centrifugation, no evidence was found for such an 
aggregate, even though S. typhimurium extracts were prepared 
ina variety of ways. 


SUMMARY 


1. Sucrose gradient centrifugation with the swinging bucket 
rotor of the preparative ultracentrifuge has been used to investi- 
gate the sedimentation behavior of macromolecules of relatively 
low molecular weight. 

2. The theoretical characterization of this system is outlined. 

3. The applicability of this technique to the determination of 
sedimentation constants of enzymes in multicomponent solutions 
is demonstrated. 

4. Sedimentation coefficients of well characterized macromole- 
cules were obtained and compared with values determined by 
optical techniques. Good agreement was observed. 

5. The general applicability of this system to the determina- 
tion of sedimentation constants and enzyme purification is dis- 
cussed. 

6. Sedimentation coefficients were determined for three histi- 
dine biosynthetic enzymes. 

7. Some observations on the correlation of genetic information 
with enzyme molecular weight are discussed. 


Addendum—We wish to emphasize that the boundary method 


R. G. Martin and B. N. Ames 


1379 


of Hogeboom and Kuff is also applicable to the determination of 
enzymes in protein mixtures and has been used by Levintoe, 
Meister, Hogeboom, and Kuff (7. Am. Chem. Soc., 77, 5304, 1955). 
The advantages of zone over boundary determinations have 
been discussed. 
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Derivatives of the peptide component of subtilisin-modified 
ribonuclease involving the amino groups of residues 1 and 7, the 
sulfide group of residue 17, and the imidazole ring of residue 16 
have been described (1, 2). Some modifications altered the 
enzymatic activity of the S-Protein-peptide derivative complex 
without marked affect on peptide- protein binding, whereas others 
drastically altered the binding but had no significant affect on 
the activity of the resulting complex. 

In a continuation of these’ modification studies, this paper 
reports the properties of the product obtained by esterification 
of S-Peptide! in anhydrous methanol and the attempts to remove 
the primary amide residue by selective hydrolysis in acid and 
base. 

The sequence of S-Peptide, inferred from the work of Hirs 
et al. on ribonuclease-A (3), shows three y-carboxyl groups on 
glutamyl residues in positions 2,9, and 18 and one a-carboxyl 
group on the alanyl residue in position 20. An asparaginyl 
residue is located in position 15. The tetramethyl ester of the 
peptide shows a somewhat reduced ability to bind to S-Protein 
and the complex has only 20 to 30° of the activity of ribo- 
nuclease-S’. The loss of the amide group does not appear to 
interfere with the binding, but the complex is then totally in- 
active. Some of these results have been reported briefly (4). 


EXPERIMENTAL PROCEDURE AND RESULTS 


The preparation of RNase-A, RNase-S, S-Protein, and §8- 
Peptide, the activity assay procedures with ribonucleic acid and 
eytidine 2’,3’-phosphate as substrates, and the procedures for 
amino acid analysis and paper electrophoresis have been described 
(1, 2). 

Preparation of Methyl-RNase-A—The general procedure for 
esterification was the same as that described by Chibnall et al. 
(5). A dry, salt-free preparation of RNase-A (25 mg, 1.83 
moles) was stirred into a fine suspension in 5 ml of 0.1 m HCl 
in anhydrous methanol at 25°. After 24 hours, the reaction 
mixture was transferred to a centrifuge tube and 10 ml of ether 


* Aided by grants from the United States Public Health Serv- 
ice and from the National Science Foundation. 

1 The following abbreviations are used: RNase-A, the principal 
chromatographic component of bovine pancreatic ribonuclease; 
RNase-S, subtilisin-modified ribonuclease; S-Peptide, the 20- 
residue peptide component obtained from RNase-S; S-Protein, 
the protein component obtained from RNase-S; RNase-S’, the 
reconstituted enzyme obtained by mixing equimolar amounts of 
S-Peptide and S-Protein; Tetramethyl-S-Peptide, the tetramethyl 
ester of S-Peptide; Methyl-RNase-A, fully esterified RNase-A; 
Desamido-S-Peptide, S-Peptide after hydrolysis of the asparagi- 
nyl residue at position 15. 


were added to the suspension to precipitate all the methy] ester 
hydrochloride. The precipitate was washed twice with 10-ml 
portions of ether and dried in a vacuum. This product, a white 
solid weighing 24 mg (1.68 umoles of RNase-A + 11 methyl 
groups + 19 HCl; 91% yield), was designated Methyl-R Nase-A. 

Preparation of Tetramethyl-S-Peptide—S-Peptide (13.4 mg, 62 
umoles) was esterified exactly as described above for Methyl- 
RNase-A. The final product, a white powder weighing 13 mg 
(5.5 umoles of S-Peptide + 4 methyl- groups + 5 HCl; 89% 
vield) was designated Tetramethyl-S-Peptide. 

On electrophoresis on paper at pH 6 this material gave a single 
spot (Fig. 1b) which moved much more rapidly towards the 
cathode than S-Peptide (Fig. la). The methylation of each 
carboxyl group would reduce the negative charge on the peptide 
at pH 6 by one unit. A heterogeneous mixture of S-Peptide 
and derivatives having one to four methoxyl groups would be 
expected to be resolved into separate spots as did analogous 
products obtained during the modification of the amino groups 
(1). The single spot observed indicated the homogeneity of the 
peptide ester. No attempt was made to determine the number 
of methoxyl groups present in the ester from its electrophoretic 
mobility. 

Estimation of Methoxyl Groups—The method used for the 
determination of methoxyl groups involved the standard pro- 
cedure of alkaline hydrolysis of the ester, distillation of the 
product, and subsequent estimation of methanol in the distillate. 
The hydrolysis and distillation steps were carried out in the 
apparatus previously used for the estimation of acetyl groups 
(1). Methanol was determined by dichromate oxidation (6). 

A solution of the ester in 1 ml of water was placed in one arm 
of the distillation apparatus (Reference (1), Fig. 2A) and cooled 
to Dry-Ice temperature. The apparatus was evacuated rapidly 
to a pressure of less than 1 mm Hg. The distillate arm (B) was 
then slowly cooled and maintained at Dry-Ice temperature until 
all the liquid from the other arm had distilled, leaving a solid 
residue of the ester sample. Air was admitted and the distillate 
was transferred to a test tube for estimation of free methanol 
present in the sample. A solution of 0.05 n NaOH (1 ml) was 
added to the ester and the apparatus set aside at room tempera- 
ture for 15 minutes. The distillation procedure was repeated 
as before to determine the methanol released by hydrolysis. 

The results of experiments performed by this procedure on 
Methyl-RNase-A and Tetramethyl-S-Peptide are given in Table 
I along with the blanks and some standard compounds and 
mixtures. The recoveries of methanol from standard solutions 
were over 95%. Analyses of t-leucine methyl ester hydrochloride 
in both the presence and absence of added methanol gave results 
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very close to the theoretical value for one methoxyl group. 
RNase-A did not produce any significant amount of volatile 
compound that interfered with the analysis. Hence the values 
obtained for the number of methoxy! groups in the preparations 
of Methyl-RNase-A and Tetramethyl-S-Peptide, namely 11.4 
and 3.9, respectively, could be considered reliable measures of 
the carboxyl groups methylated during the esterification pro- 
cedure. From the known amino acid composition of RNase-A 
(3) and S-Peptide (7), the above results indicate complete methyl- 
ation of all the carboxy groups in each case (11 in RNase-A and 
four in S-Peptide.) 

Attempt to Reduce Ester Derivatives with L1BH,—The methy!] 
ester derivatives of RNase-A and of S-Peptide were reduced 
with LiBH, in tetrahydrofuran by the procedure of Chibnall 
eal. (9). The product in each case was hydrolyzed with con- 
stant boiling HCl and analyzed for its amino acid composition. 
Methyl-RNase-A showed a loss of 4.5 residues of aspartic acid, 
3 residues of glutamic acid, and 1 residue of valine. Tetra- 
methyl-S-Peptide showed a decrease of nearly 0.7 residue of 
aspartic acid, 0.7 residue of alanine, and 1 residue of glutamic 
acid. 

From the known amino acid composition of RNase-A (3), 
esterification of all the free carboxyl groups and their reduction 
with LiBH, should have shown a decrease of 4, 6, and 1 residue 
of aspartic acid, glutamic acid, and valine, respectively. Simi- 
larly S-Peptide should have shown a decrease of 3 residues of 
glutamic acid and 1 residue of alanine and no decrease in aspartic 
acid. The analytical results given earlier indicate that Methyl- 
RNase-A and Tetramethyl-S-Peptide were fully esterified. 
Apparently the LiBH, treatment did not result in the complete 
reduction of all the methyl ester groups. However, it may be 
noted that this incomplete reduction is restricted to the glutamic 
acid residues in both the protein and peptide. No reduction of 
aspartic acid in S-Peptide was expected, since this residue 
presumably occurs as the amide and should be resistant to LiBH, 
under the conditions used. However, neither RNase-A nor the 
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Fig. 1. Ionograms of peptides and S-Protein at pH 6 in pyridine 
acetate buffer for 24 hours at a gradient of 20 volts per cm, What- 
man No. 1 paper. a, S-Peptide, 0.02 umole; b, Tetramethyl-S- 
Peptide, 0.02 umole; c, product obtained by the hydrolysis of 
Tetramethyl-S-Peptide at pH 11.0 for 30 minutes at 25°, 0.02 
umole; d, mixture of S-Protein, 0.023 umole and Tetramethyl-S- 
Peptide, 0.02 umole; e, mixture of S-Protein, 0.023 umole, Tetra- 
methyl-S-Peptide, 0.02 umole, and S-Peptide, 0.02 umole; f, mix- 
ture of S-Protein, 0.023 umole, and S-Peptide, 0.02 umole; g, 
S-Protein, 0.023 umole. 
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TABLE I 
Estimation of methoxyl groups 
S | | Methanol found 
‘Amount. ree Methoxyl 
S l methanol 
£ taken | Before After |in sample| 
_hydrol-| hydrol- 
3 | ysis ysis 
—— | 
| umoles | umoles 
1 Methanol (0.4 | 0.38 0.95 
2 | Methanol 0.97 0.97 
3 | Methanol | 2.0 | 1.92 0.96 
4 | t-Leucine methylester 4.0 0.08 4.16 0.02 1.04 
hydrochloride* | 
5 L-Leucine methylester 4.0 | 
hydrochloride* + — 1.86, 4.13) 0.93 | 1.03 
| methanol | 2.0 
6 | RNase-A | (0.5 0.04 | 0.08 | 0.08 | 0.16 
7 | Methyl RNase-Af ~—60.23 | 0.05 | 2.65 | 0.22 | 11.45 
8  Tetramethyl-S- | 0.06 | 1.62 | 0.15 3.90 
Peptidet | 


* Sample kindly donated by Dr. J. 8S. Fruton. 
t Molecular weight, 14,500. 
t Molecular weight, 2400. 


free peptide was subjected to the same reducing conditions, and 
direct reduction of some of the amides could not be ruled out. 
The analyses obtained on the reduced ester products might have 
obscured traces or ornithine or a ,y-diaminobutyric acid. 

In view of these uncertainties, no conclusions as to the structure 
of the peptide ester are warranted on the basis of these reduction 
experiments. A much more detailed investigation would be 
required to determine whether the results are a reflection of 
some structural peculiarity or whether they are merely ar- 
tifacts of the heterogeneous reduction mixture. 

Enzymatic Activity of Tetramethyl-S-Peptide—The enzymatic 
activities of mixtures of varying amounts of the ester derivatives 
and a fixed amount of S-Protein were measured with both RNA 
and cytidine 2’ ,3’-phosphate as substrates. The activity was 
expressed as the fraction of that observed under identical con- 
ditions with the same amount of S-Protein and a slight excess of 
S-Peptide itself. The results are shown in Fig. 2. With an 
equimolar mixture of Tetramethyl-S-Peptide and S-Protein, the 
activity toward RNA was 28% of that shown by the unmodified 
peptide. This activity did not increase at higher mole ratios. 
The activity curve showed a sharp break at a ratio of 1.0, indi- 
cating strong binding in the complex of Tetramethyl-S-Peptide 
and S-Protein. The activity of this complex toward cytidine 
2’ ,3’-phosphate was of the same magnitude as that toward RNA. 
However, in this case the relative activity was dependent on 
the substrate concentration. At low concentrations the activity 
curve did not show a sharp break at a peptide ester to protein 
ratio of 1.0 (Fig. 2, Curve 4). 

A solution of 0.9 mg of the peptide ester in 2 ml of 0.1 Nn KCl 
was placed in the pH-stat at 25° and brought to pH 11 by the 
addition of 0.025 Nn NaOH. The solution was maintained at 
this pH for 30 minutes. An ionogram of the product (Fig. 1c) 
showed a single spot having the same mobility as S-Peptide. 
The enzymatic activity of the product (Fig. 2, Curve 5) was 
also nearly the same as that of the unmodified peptide. In an 
identical experiment, S-Peptide (0.8 mg) was unaffected even 
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Fic. 2. Activity of mixtures of the methyl ester derivatives of 
RNase-A and S-Peptide and a fixed quantity (14 ug) of S-Protein. 
Curve 1: @, Tetramethyl-S-Peptide, RNA as substrate. Curve 2: 
O, Tetramethyl-S-Peptide, cytidine 2’,3’-phosphate as substrate 
at a concentration of 0.09 mM. Curve 3: @, Methyl RNase-A, RNA 
as substrate. Curve 4: O, Tetramethyl-S-Peptide, cytidine 2’,3’- 
phosphate as substrate at a concentration of 0.0054 Mm. Curve 6: 
A, product obtained by the hydrolysis of Tetramethyl-S-Peptide 
at pH 11.0, 25°, RNA as substrate. ——, expected curve for S- 
Peptide, RNA as substrate. 


after 20 hours in aqueous solution at pH 11 and 25°. It would 
appear that the ester hydrolysis was quite selective and essentially 
complete. 

Enzymatic Activity of Methyl-RNase-A—The activity of R Nase- 
A was completely destroyed by esterification in methanol. 
However, Methyl-RNase-A showed some enzymatic activity 
when assayed in the presence of S-Protein. The relative activity 
(Fig. 2, Curve 3) was very similar to that obtained with Tetra- 
methyl-S-Peptide, indicating that the NHo»-terminal portion of 
the Methyl-RNase-A molecule was free to combine with S- 
Protein. 

A solution of Methyl-RNase-A, 1.3 mg in 1.2 ml of 0.1 N 
NaCl, was placed in the pH-stat at 25° and the pH brought to 
10.0 and maintained at that value for 1 hour. At the end of 
this period the enzymatic activity of the mixture, initially zero, 
had increased to 5 to 7° of that expected for the same quantity 
of the native enzyme. However, when the pH was increased to 
11.0 and the solution was assayed immediately, the observed 
activity was 17%. At this higher pH system is complicated by 
irreversible alkali denaturation. No attempt was made to com- 
pare the extent of hydrolysis of the methyl ester groups with 
the regeneration of enzymatic activity. 

Binding of Tetramethyl-S-Peptide to S-Protein—When 10 yg of 
S-Protein were mixed with 2 wg each of S-Peptide and Tetra- 
methyl-S-Peptide in a total volume of 100 ul of water and the 
solution was assayed for enzymatic activity, the mixture showed 
95°, of the activity of a solution of 10 wg of S-Protein and 2 ug 
of S-Peptide. This was a clear indication of stronger binding 
between S-Protein and S-Peptide than between S-Protein and 
Tetramethyl-S-Peptide. If the peptide ester had been bound 


to S-Protein as strongly as was the unmodified peptide, a marked 
inhibition of the activity would have been noted in the equimolar 
mixture of the three substances, since the activity of the Tetra- 
methyl-S-Peptide-S-Protein complex is only 28% that of the 
complex involving S-Peptide. 
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Direct evidence regarding the binding of S-Protein and Tetra. 
methyl-S-Peptide was obtained from experiments using paper 
electrophoresis. At pH 6 both S-Protein (Fig. 1g) and S-Peptide 
(Fig. la) have about the same mobility, whereas the peptide 
ester moves 2.6 times faster (Fig. 16). Therefore, if Tetramethy| 
S-Peptide was bound weakly, or not at all, to S-Protein, electro. 
phoresis of an equimolar mixture of the two should give two 
separate spots. However, only a trace of material was observed 
at the position corresponding to the free peptide ester (Fig. 1d), 
The complex formed between Tetramethyl-S-Peptide and S-Pro- 
tein possesses four negative charges less than the corresponding 
complex between S-Peptide and S-Protein. There was a slight 
difference in the mobility of the two complexes (cf. Figs. 1d and 
f), but the duration of the electrophoresis was not long enough 
for the mobility difference to be shown convincingly. 

An equimolar mixture of S-Protein, S-Peptide, and Tetra- 
methyl-S-Peptide (Fig. le) moved as two spots, one correspond- 
ing to Tetramethyl-S-Peptide and the other in the region of the 
S-Protein spot. Thus S-Peptide appears to be bound preferen- 
tially, in agreement with the conclusion drawn from the activity 
measurements. 

Effect on S-Peptide of Prolonged Exposure to pH 2—After 
standing for several weeks at 3° and pH 2, a 1% aqueous solu- 
tion of S-Peptide showed two spots on paper electrophoresis 
(Fig. 3a, 1). The major portion of the material still had the 
same mobility as S-Peptide, and an eluate showed full enzy- 
matic activity when assayed with S-Protein. The minor, slower 
moving component had a mobility similar to that of the a- 
deaminated derivative previously reported (1). This indicated 
a decrease in positive charge, or an increase in negative charge, 
of one unit relative to S-Peptide. An eluate of this minor com- 
ponent showed no detectable activity when assayed with S-Pro- 
tein. 
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Fic. 3. Ionograms of S-Peptide after standing in acidic and 
alkaline solutions, Whatman No. 1 paper, 20 volts per em, load 
about 100 wg, pyridine acetate buffer pH 6.0. a, Electrophoresis 
for 4 hours: 1, S-Peptide; 2, S-Peptide after 3 weeks in 1% solu- 
tion at pH 2 and 3°. 6, Electrophoresis for 3 hours: 1, S-Peptide; 
2, S-Peptide after 2 days in 1% solution in 0.1 N NaOH at 3°; 3, 
same as 2, after 6 days; 4, same as 2, after 12 days. c, Electro- 
phoresis for 1 hour and 45 minutes: /, methyl ester of product 
obtained from S-Peptide kept in 0.1 N NaOH for 12 days; 2, Tet- 
ramethyl-S-Peptide. The dotted square corresponds to the esti- 
mated position of Tetramethyl-S-Peptide if it had lost one 
positive charge. 


Mi 


| 


| 


1382 

anc 

sul 

thi 

ion 

anc 

sis 

ang 

unt 

am 

0.0 

wit 

am 

ml 

nev 

the 

apy 

ine 

tu 

per 

uns 

25° 


No. 5 


| Tetra. 
paper 
Peptide 
peptide 
methy| 
electro- 
ve two 
served 
ig. Id). 
S-Pro- 
onding 
slight 
ld and 
pnough 


Tetra- 
‘spond- 
of the 
eferen- 
ctivity 


—After 
s solu- 
horesis 
the 

enzy- 
slower 
the a- 
icated 
harge, 
com- 
S-Pro- 


© 


and 

load 
yresis 
solu- 
tide ; 
3°; 8, 
ctro- 
Tet- 

esti- 


one 


P. J. Vithayathil and F. M. Richards 


May 1961 
TaBLeE II 
Amino acid analyses of peptide samples 
| | Residues per molecule 
S-Peptide 
Peak deamidated at S-Peptide 
Amino acid position acid pH after 
effluent S- treatment 
Peptide ‘with 0.1 N 
Major | Minor NaOH for 
compo- compo- 12 days 
nent* | nent* 
| ml 
150-em column 
Unknownt..........-.--- 50 0.04 | 0 0 2.47 
Methionine sulfoxides..., 102, 105 0.15 | 0 0 0.44 
Aspartic acid........... 114 1.05 | 0.99 1.06 1.00 
Threoninet............. 135 1.90 | 1.88 1.89 0.88 
143 2.75 | 2.65 | 2.91 | 0.77 
Glutamie acid.......... 170 2.90 2.88 | 2.99 2.89 
228 | 0.03 0.06 0.30 0.09 
240 4.79 | 4.89 | 4.64 4.82 
Methionine............. 343 0.76 | 0.97 | 0.80 0.26 
Phenylalanine. ......... 440 0.96 | 1.01 0.93 1.00 
15-em column 
49 2.05 | 2.19 | 2.13 | 1.90 
60 0.98 1.02 0.96 1.00 
110 0.97 | 1.04 0.99 0.91 
Total sample/column 
* Peptide sample was isolated from a paper ionogram. A large 


and variable amount of ammonia was observed on analysis be- 
eause of contamination from paper and reagents. 

+ Material appearing at this position is generally a very acidic 
substance such as cysteic acid. The nature of the compound in 
this case is not known. 

t Values not corrected for any hydrolysis losses. 


Asolution of S-Peptide, 10 mg in | ml of water adjusted to pH 
2 with 1 N HCl, was set aside at 3° for 3 months. Preparative 
ionophoresis of the solution gave a pattern similar to Fig. 3a, 2 
and supplied enough material for the complete amino acid analy- 
sis of the two components (Table II, columns 4 and 5). The 
analyses are virtually identical and equal to that found for the 
untreated peptide. The rather high glycine value in column 
jis probably an artifact arising from the paper. The absolute 
amount of glycine obtained in the two analyses is about the same, 
0.03 ymole. Unfortunately the contamination of the eluates 
with ammonium salts made impossible any estimate of the amide 
ammonia in the hydrolysates. There was not enough of the 
minor component for a separate amide nitrogen analysis. 

The most obvious explanation of the above data is that the 
new electrophoretic component is produced by hydrolysis of 
the amide group on residue 15. This Desamido-S-Peptide 
appears to have no potential enzymatic activity. Attempts to 
increase the yield of this inactive derivative with higher tempera- 
tures or a stronger acid showed clear evidence of hydrolysis of 
peptide bonds. For this reason the effect of alkali was investi- 
gated. 

Effect on S-Peptide of Prolonged Exposure to pH 13—Although 
unaffected at pH 11, a solution of S-Peptide in 0.1 N NaOH at 
25° showed a small loss in activity on standing for 20 hours. An 
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ionogram similar to Fig. 3a, 2 was obtained. On the basis of 
this preliminary result the following experiment was performed. 

A solution of S-Peptide, 10 mg in 1 ml of 0.1 N NaOH, was 
placed in one arm of the apparatus used in the methoxy de- 
termination, and 1 ml of 0.1 N H2SO, was placed in the other arm. 
Both solutions were frozen in an acetone-Dry-Ice bath. The ap- 
paratus was rapidly evacuated to a pressure of 1.0 mm Hg, closed, 
disconnected from the vacuum line, and set aside in the cold 
room at 3°. After the appropriate time interval the sulfuric acid 
solution was cooled to, and maintained at, Dry-Ice temperature 
until all the liquid from the peptide solution had distilled into 
it. Air was admitted and the sulfuric acid solution was trans- 
ferred to a test tube for subsequent estimation of ammonia with 
Nesler’s reagent (8). The peptide residue was dissolved in 1.00 
ml of water. Exactly 0.2 ml of the solution was removed and 
portions were used for electrophoresis, enzymatic activity meas- 
urements, and estimation of amide nitrogen. For the latter 
measurement the sample was hydrolyzed in 6 N HCI for 24 hours 
at 110° in a sealed tube. The analysis was made on the 15-cem 
column regularly used for the basic amino acids. These results 
and the activity measurements are shown in Table III, Fig. 4, 
and Table II, column 6. The ionograms obtained are shown in 
Fig. 30. 

The product obtained after 12 days in 0.1 n NaOH was esteri- 
fied in anhydrous methanol. No recovery of enzymatic activity 
was noted, but the product gave the ionogram shown in Fig. 3c. 
It will be noted that the esterified, base-treated material had a 
mobility identical with that of Tetramethyl-S-Peptide. 


DISCUSSION 


The methoxyl analysis of Tetramethyl-S-Peptide gave four 
groups per mole. The known sequence of S-Peptide provides 
for four free carboxyl groups. There are no other classes of 
functional groups in the peptide which are known to be affected 
by anhydrous methanolic hydrochloric acid. The assumed 


TABLE III 
Changes in S-Peptide on standing in 0.1 y NaOH at 3° 
Ammonia/mole of S-Peptide 
Reaction period 
treatment* residual peptideft 
moles | 
1 hour 0.04 100 
1 day Q.11 | 
2 days 0.22 1.55 1.77 75 
4 days 0.40 
6 days 0.63 1.82 2.45 22 
9 days 0.88 8 
12 days 0.89 1.35 2.24 | 6 


* Volatile base estimated with Nessler’s reagent. 

+ Estimated from chromatogram of hydrolysate on 15-em col- 
umn used for basic amino acids. In each case lysine, histidine, 
and arginine appeared in the mole ratio 2:1:1 (cf. column 6, 
Table II). Blank determinations, omitting peptide sample, gave 


an amount of ammonia equivalent to 0.1 mole per mole of peptide 
or less. 

t Activity towards RNA at pH 5.0, aliquots of 2 ug assayed in 
presence of 10 ug of S-Protein. 


per- 
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Fic. 4. Activity toward RNA of S-Peptide, kept in 0.1 Nn NaOH 
solution at 3° for various time intervals, and a fixed quantity (8 
ug) of S-Protein. S-Peptide: ——, untreated; O, after 2 days in 
alkali solution; @, after 6 days; @, after 12 days. 


structure of the derivative as the peptide tetramethyl] ester seems 
quite certain. 

The enzymatic activity of the Tetramethyl-S-Peptide-S- 
Protein complex is only 25 to 30% of that of RNase-S with RNA 
as substrate. The relative activity obtained with the cytidine 
cyclic phosphate depends on the substrate concentration (Fig. 2, 
Curves 2 and 4). From this result it can be inferred that the 
Michaelis constant in this system must be 2 to 3 times as large 
as that observed with RNase-S’ as the enzyme. Also, as ex- 
pected from previous observations (4), the measured values will 
depend on the ratio of peptide ester to S-Protein used for the 
assays. The probable maximal velocity with this low molecular 
weight substrate is 30 to 40% of that for RNase-S’. The effects 
produced by esterification are nearly reversible. Gentle alkaline 
hydrolysis causes an increase in activity to values close to those 
obtained with the native peptide (Fig. 2, Curve 5). Whatever the 
relation of the carboxyl groups to the enzymatic activity, it is 
unlikely that they are directly concerned with the catalytic site. 

The activity data in Fig. 2 and the ionograms shown in Fig. 1 
all indicate that Tetramethyl-S-Peptide is bound to S-Protein 
less tightly by at least an order of magnitude than is S-Peptide. 
The ester derivative, however, is bound much more strongly 
than Met(CH2COOH)-S-Peptide, the carboxymethyl] sulfonium 
salt modification (2). The ionized carboxyl groups normally 
present at neutral pH seem to contribute only a minor part of 
the total binding force between the peptide and the protein. The 
triacetyl derivative is bound at least as well as the ester (1). 
Thus the net charge on the peptide can be changed from about 
—3 to about +4 without marked effect on its ability to interact 
with the protein and to produce a complex with considerable 
catalytic activity. It would appear, as previously suggested (2), 
that forces other than those between formal charges are of the 
most importance in this particular system. 

The loss in activity of RNase-A on esterification must be 
produced by changes in the “protein’”’ portion of the molecule 
rather than the N H,-terminal “tail.”” The appearance of activity 
when Methyl-RNase-A is mixed with S-Protein points to a 
combination of the latter compound with the tail of the protein 
ester. This change in intramolecular binding of the tail is 
probably not the direct result of the loss of the negative charges. 
Rather it is the result of a structural change induced by mutual 
repulsion of the remaining positively charged centers. In this 


sense the change is the same as that produced by acidification, a 
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condition already known to dissociate the peptide. Whatever 
the structural change may be, its effect on the association cop. 
stant between the “tail” and the “protein” is extraordinarily 
dramatic. The binding constant must be lowered by a factor of 
at least 10°. Were this not the case, in dilute solution the inter. 
molecular reaction between Methyl-RNase-A and S-Protein 
could not compete with the intramolecular reaction between the 
“tail” and ‘‘protein” portions of Methyl-RNase-A itself. The 
situation is similar to that found for acetylated RNase-A and 
may be contrasted with 100% guanidinated RNase-A in which 
no recovery of activity is seen in the presence of S-Protein (4), 

The simplest explanation for the appearance of the slow moving 
electrophoretic component in an acid solution of S-Peptide 
is the hydrolysis of the asparaginy] residue, number 15. This 
has not yet been confirmed by a direct amide nitrogen analysis, 
However, all the amino acids of S-Peptide are present unchanged 
in an acid hydrolysate of this material, and no potential enzymatic 
activity could be demonstrated. 

Alkali treatment of the peptide gave direct evidence for the 
loss of ammonia which approached 1 mole per mole (Table III), 
The activity of the mixture at various times correlated quite 
well with the estimated residual amide nitrogen and with the 
relative amounts of the two electrophoretic components. That 
a free carboxyl group was indeed produced is strongly indicated 
by the ionogram in Fig. 3. The esterification of the alkali- 
treated peptide produced a material with a mobility identical 
to that of Tetramethyl-S-Peptide. If the volatile nitrogen had 
come from an amino group, for example, the maximal positive 
charge could not have been regained by esterification and the 
product would have moved in the position indicated by the 
dashed rectangle in the figure. Only at the longest time interval 
of the alkali treatment was there any evidence for fragmentation 
of the peptide. | 

Unfortunately, hydrolysis of the amide group was not the 
only effect observed in the alkali treatment, for an amino acid 
analysis of S-Peptide normally gives about 1.5 moles of ammonia 
per mole of peptide, 1 mole from the amide and 0.5 mole from 
the breakdown of serine and threonine during the hydrolysis. 
In the alkali-treated peptide this value should have dropped to 
about 0.5 mole since 1 mole had already been removed. How- 
ever, every analysis gave about 1.5 moles of ammonia in the 
peptide mixture. This “extra”? ammonia might be explained 
by the loss of water from a sery] residue to give a dehydroalany] 
residue, a reaction well known to occur in strong alkali. Acid 
hydrolysis would destroy the latter material, producing initially 
pyruvic acid and ammonia. The total amino acid analysis 
shows the loss of about 3 moles of serine plus threonine. Only 
one is needed to explain the “extra”? ammonia. The other two 
may be accounted for by the fast moving material, the identity 
of which is unknown.? 


2 The material was observed only in this run and is thus, pre- 
sumably, a result of the base treatment. The acid-hydrolyzed 
sample for amino acid analysis was taken to dryness in a vacuum 
desiccator to remove the HCl. It has been shown that this proce- 
dure can lead to artifacts in the subsequent analysis (A. Crest- 
field and W. H. Stein, personal communication). However, all 
the other samples were also handled in the same manner and only 
very minor amounts of ninhydrin-positive material were ever ob- 
served at this position. The material appears to be very acidic, 
since its chromatographic behavior resembles substances such as 
cysteic acid or phosphoserine. We have no suggestions as to how 
a compound with such properties might be formed from seryl or 
threony] residues. 
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With so many effects occurring in the alkali treatment, one 
cannot prove that the loss in activity is to be attributed solely to 
the deamidation. However, considering the results of the acid 
gnd alkali treatments together, we would tentatively conclude 
that the loss of the amide group results in the disappearance of 
catalytic activity. 

The data in Fig. 4 show quite clearly that the loss in activity 
is not associated with any significant change in the peptide- 
protein binding constant. In these samples the activity is due 
to unreacted peptide. If the deamidated derivative were weakly 
bound, then a mixture showing partial activity at a 1:1 mole 
ratio would give full activity when enough of the mixture had 
been added to saturate the S-Protein with the residual S-Peptide. 
The curves obtained show that the components must bind about 
equally well, since the ratio of peptide derivative-S-Protein 
complex to RNase-S’ is a constant independent of the ratio of 
total peptide to protein. 

If the above interpretation is correct, it would imply that the 
amide group is much more intimately involved with the catalytic 
activity than the amino, carboxyl, or sulfide groups previously 
investigated. 


SUMMARY 


The tetramethy] ester of the peptide component of subtilisin- 
modified ribonuclease, when mixed with the protein component, 
forms a complex which has 25 to 40% of the activity of a similar 
complex of the untreated peptide. From the study of this system 
and the previously reported effects of changes in the amino 
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roups, it is concluded that direct charge-charge interaction 


plays only a minor role in the binding of the peptide and protein 
components. 


The NH--terminal portion of fully esterified ribonuclease-A 


can combine intermolecularly with added protein component to 


produced a catalytically active unit. 


O 


Thus esterification of the 
protein”’ part of the native enzyme has had a very marked effect 
n the intramolecular binding of the ‘“‘tail.’”’ 

It is tentatively concluded that hydrolysis of the amide group 


in the peptide has no demonstrable effect on the binding of the 
peptide and protein components, and that the resulting complex 


h 


-_ 
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as no enzymatic activity. 
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The reaction of iodoacetic acid with ribonuclease has been 
studied recently by Gundlach et al. (1). Inactivation of the 
enzyme occurred over a wide range of pH. The authors con- 
cluded that at acid pH the reaction involved solely methiony] 
residues, that at pH 5.5 a histidyl residue was the principal site 
of attack, and that at alkaline pH values significant reaction at 
lvsvl residues occurred. Of particular interest was the isolation 
of a chromatographically pure component from the reaction 
mixture at pH 5.5. This substance showed no enzymatic activity 
and its amino acid composition was identical with that of ribo- 
nuclease-A!, except for the loss of a single histidyl residue. The 
monocarboxymethyl histidine derivative found on analysis 
represented only one of the two possible ring-substituted isomers? 
(also cited by Stark et al. (2)), and this isomer was the one formed 
in least amount with model compounds containing histidine. It 
was subsequently shown by Stark et al. (2) that the formation 
of this derivative to any detectable extent in ribonuclease-A was 
dependent upon the presence of the “native” configuration of 
the enzyme. The results of Barnard and Stein (3) on the inac- 
tivation of ribonuclease by bromoacetate indicate that the his- 
tidy! residue involved may be the one in position 119 near the 
C-terminal end of the single peptide chain. 

A study of the reaction of iodoacetic acid with the peptide 
component of ribonuclease-S has been reported (4). Some fur- 
ther observations on the reaction of the protein component and 
of ribonuclease-S with the same reagent are described in this 
paper. The results substantiate and extend a number of the 
conclusions of Stark et al. (2). 


EXPERIMENTAL PROCEDURE AND RESULTS 


The analytical procedures, the enzyme activity assays, and 
the various protein and peptide preparations have all been 
previously described (4). 

Reaction of RNase-A with Iodoacetate at pH 6.0—lodoacetic 
acid (30 mg) was dissolved in 8.5 ml of water, and the solution 
was placed in the cell of a pH-stat maintained at 40°. The pH 
was adjusted to 6.0 with 1 N NaOH and 30 mg of RNase-A 
dissolved in 1 ml of water were added. The reaction was allowed 
to proceed at pH 6.0. Aliquots were removed at intervals 
for measurements of activity. The reaction was terminated by 


* Aided by grants from the United States Public Health Serv- 
ice and from the National Science Foundation. 

1 The following abbreviations are used: RNase-A, the principal 
chromatographic component of bovine pancreatic ribonuclease; 
RNase-S, subtilisin-modified ribonuclease ; S-Peptide, the 20-resi- 
due peptide component obtained from RNase-S; S-Protein, the 
protein component obtained from RNase-S; RNase-S’, the recon- 
stituted enzyme obtained by mixing equimolar amounts of S-Pep- 
tide and S-Protein. 

2 A.M. Crestfield, personal communication. 


passing the solution through a deionizing column of Amberlite 
IR-120 (hydrogen cycle) and IRA-400 (hydroxide cycle) to 
remove the reagent and other salts. The salt-free solution was 
lyophilized to yield 27 mg (90°) of the product. This materia] 
was oxidized with performic acid (5). The amino acid analysis 
of the oxidized product is given in Table I. 

Reaction of RNase-S with Iodoacetate at pH 6.0—The reaction 
of RNase-S (30 mg) with iodoacetic acid at pH 6.0 was carried 
out as just described for RNase-A. The reaction was stopped 
by freezing and the mixture was concentrated to a volume of 3 
ml by lyophilization. The S-Protein and S-Peptide parts were 
separated by fractionation with 4° trichloroacetic acid (6). A 


solution of the S-Protein portion was passed over an IR-120 +. 
The salt-free sample (yield 95% | 


IRA-400 deionizing column. 
of theoretical amount) was oxidized with performic acid before 
hydrolysis for amino acid analysis (Table I). 
the peptide which contained trichloroacetic acid and iodoacetic 
acid and their sodium salts was extracted with ether to remove 
most of the free acids, and then was lyophilized and hydrolyzed. 
It is to be noted that since the reaction of iodoacetate with 
methiony]! residues is essentially pH-independent, this reaction 
would continue, in the peptide preparation particularly, until 


the reagent was actually removed by the extraction procedure. | 


Thus the measured amount of sulfonium salt formed was probably 
larger than that actually present at the “end” of the reaction. 
Acidification effectively prevents any reaction of histidy] residues, 
and the uncertainty in the analysis is not present in this case. 

S-Protein was treated by exactly the same procedure used for 
RNase-A. The activity measurements for all the samples with 
RNA as substrate are shown in Fig. 1. 


DISCUSSION 


The most striking effects noted are summarized in column 5 of 
Table II. In 8-Protein no reaction of the three residues of 
histidine could be detected. Under the same conditions at least 
one of these residues reacts very easily when the peptide is pres- 
ent as in RNase-S. Furthermore, the residue which reacts is 
in the S-Protein portion of the complex. The S-Peptide portion 
was analyzed separately and showed little or no loss of its single 
histidine residue. In Table I it can be seen that the only 
carboxymethyl histidine isomer appearing in significant amounts 
is the one appearing close to proline in the analysis. This same 
isomer is the only one appearing in the analysis of imidazole- 
carboxymethyl-RNase-A as reported by Gundlach e¢ al. (1) and 
Crestfield, cf. (2). These authors showed that simple histidine 
derivatives produced predominantly the other isomer, as was 
also observed in the study of the reaction of S-Peptide with 
iodoacetate (4). Thus the association of S-Peptide and 5- 
Protein markedly enhances the reactivity of one particular 
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TABLE I 


P. J. Vithayathil and F. M. Richards 


Amino acid analyses 


All peaks large enough for quantitative estimation are indicated as residues per molecule. 
small peak was visible but was not large enough for any quantitative estimate. 
present sometimes in very appreciable amounts but that it appeared as a shoulder on some other peak and could not be quantitated. 
The symbol ‘‘0”’ indicates that there was no detectable deviation in the base-line at the appropriate effluent volume in that run. 
the complete analyses all residues, other than those listed below, appeared in the amounts found in the untreated materials. 
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The symbol ‘‘t’’ indicates that a very 
The symbol ‘‘p’’ indicates that the substance was 


In 


| 


| | RNase-S | 
Sample* RNase-A S-Protein 
Peptide component Protein component 

lodoacetate concentration (M)...... 0.14 0.016 0.14 0.016; 0.14 0.14 0.14 0.016 | 0.14 0.016 | 0.14° 
Reaction time (min)............... 40¢ 40° 150 40 150 150¢ 150 40¢ 150 
Total sample/column (umole)...... 0.16 0.14 0.30 0.35 0.12 0.10 0.18 0.14 0.11 0.15 0.04 
Amino acid (residues/molecule) 

ee ener «3.14 3.70 0.94 0.96 2.09 2.28 2.32 2.44 2.93 3.13 3.15 

Carboxymethyl histidine?........ (0.68 0.20 0 0 0.53 0.56 0.55 0.30 0 0 0 

0.23 0 0.14 t t t 0 0 

0 0 0.03 | t 0 0 0 | 0 

Histidine and products recovered, | 

3.90 | 1.1 2.62 | 2.844 2.87+ 2.74 | 2.93 | 3.13 | 3.15 

| 0.28 t 0.26 0.40 1.57 0.74 0.44 0.24 0.97 0.26 1.93 

Methionine sulfone............... | 2.93 3.64 0 0 0 0.88 1.68 | 1.81 0 1.81 0 

0.07 0 0.07 0 0.11 t 0.08 0 

Homoserine lactone.............. p p p p p p 0.30 0.35 0.09 t p 

S-Carboxymethyl-homoeysteine.., 0.13 0 t 0.08 0.57 0.55 0.36 | 0.28 | 0.70 0.26 0.40 

| | 
Methionine and products recov- | | | | 
«3.414 3.644 0.33+' 0.48+ 2.17+! 2.98 | 2.68+ 1.844) 2.334) 2.33+ 


2 In all cases, the protein concentration in the reaction mixture was 2 to3 X 10-4 Mo. 
+> Reagent was iodoacetamide instead of sodium iodoacetate. 
‘Samples oxidized with performic acid before acid hydrolysis. 


4 Peak appears just ahead of proline and is presumably the 1’-monocarboxymethy! histidine derivative. 
¢ Peak appears in the cystine position and is presumably the 3’-monocarboxymethyl histidine derivative. 


as evidenced by 570 mu; to 440 my ratio of the peak. 


fOnly sum of quantitative estimates is given. 


were not included in ‘‘total.’’ 


nitrogen atom in a histidine side chain of S-Protein. 


association results in the appearance of enzymatic activity. 
These results provide strong support for the conclusions of 
Stark et al. (2) that the behavior of this histidine residue is in- 
timately connected with the configuration of the enzyme in its 


“native” form. 


A sample of the chromatographically purified imidazole- 
carboxymethyl-RNase-A (1) was kindly supplied by Drs. A. M. 
Some activity measurements made 
The sample had no 
measurable activity by itself, nor did any activity appear when 
either S-Peptide or S-Protein was added to the assay system. 
However, after brief exposure to strong alkali (conditions known 
to denature RNase-A irreversibly) activity was observed in the 
The measured activity was almost as 
great as that found with an equivalent amount of S-Peptide. 
These results indicate quite clearly that the inactivation of the 
hative enzyme by formation of the carboxymethyl] histidine 
derivative does not result in a dissociation of NH.-terminal 
If this had occurred, activity would 
have been observed in the presence of S-Protein (7). This is a 
further indication that the activity loss is not due to any gross 


Crestfield and W. H. Stein. 
with this protein are shown Table III. 


presence of S-Protein. 


“tail” of the molecule. 


This same 


It is not residual cystine 


Plus sign is used where substances were observed, were designated ‘‘p”’ or ‘‘t’’ but 


structural change, but to a very specific effect presumably quite 
close to the site of catalysis. 

Modification of the methionyl residues can cause an activity 
loss independent of the reaction with histidine. 
activity of S-Protein is shown in Fig. lc, and the analyses given 


The loss in 


in Table I indicate the formation of methionine sulfonium salts 


but no loss of histidine. 


added to the assay mixtures. 


reaction with the added S-Protein is possible. 
activity also shows that only a fraction of the methionyl residue 
in position 17 has reacted. Sulfonium salt formation in this 
position would have prevented any significant interaction with 
the small excess of S-Protein used in the assay (4). 
peptide the reaction of this particular residue will proceed, but 
at a much slower rate than the corresponding reaction in the 
“‘protein”’ part. 


The curves for loss in activity for RN- 
ase-A and RNase-S are very similar to that for S-Protein, Fig. la 
and b. No stimulation of activity is seen when S-Peptide is 
However, addition of S-Protein 
does cause a marked increase in the measured activity, particu- 
larly in the later stages of the reaction. 
dissociation of the peptide from RNase-S and a loosening of the 
‘tail’ portion of RNase-A to the point at which an intermolecular 


This effect indicates 


This increase in 


In the free 


Pe) 
40k 


ACTIVITY - PERCENT OF INITIAL 


| ! | 
O 10 20 30 40 50 60 
REACTION TIME minutes 
Fic. 1. Activity toward RNA of various protein samples during 
reaction with iodoacetic acid (0.14 M) at pH 6.0 and 40°. Aliquots 
of the reaction mixtures taken at various intervals were assayed 
as follows. a: RNase-A, aliquots contained 12 ug; O, assayed di- 
rectly; A, assayed in presence of 4 wg of S-Peptide; O, assayed in 
presence of 15 ug of S-Protein. 6b: RNase-S, aliquots contained 
15 wg; M@, assayed directly; A, assayed in presence of 4 ug of S- 
Peptide; @, assayed in presence of 15 ug of S-Protein. . c: S-Pro- 
tein, aliquots contained 12 ug; ©, assayed in presence of 4 ug of 
S-Peptide. 


O 


TABLE II 
Reaction of todoacetic acid in water at 40° and pH 6.0 
with RNase-A, RNase-S, and S-Protein 
The numbers in columns 5 and 6 are best estimates from the 
data presented in Table I. 


j 
No. of No. of 
Concentra- | Reaction Activity histidine | methionine 
Subs f iod 
loss residues | residues 
| | 
| M | min % 
RNase-A | 0.14 | 40 96 0.86 | 1.07 
0.016 40 35 0.30 0.36 
RNase-S 0.14 40 98 0.68% | 
| 0.807 | 2.124 
| | 0.10° 0.80%< 
| 0.56% | 1.192 
1) 0.04% | 0.70% 
S-Protein | 0.14 | 150 100 0 2.03 
| 0.144 | 150 100 0 1.07 
(0.016 | 40 40 0 1.19 


* Number of residues reacted in the protein part of RNase-S. 

’ Number of residues reacted in the peptide part of RNase-S. 

¢ Values probably too high because of isolation procedure (see 
text). 

4 In this reaction iodoacetamide was used instead of iodoacetic 


acid. 
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TABLE III 


Test for ‘‘tail’’ dissociation in imidazole 
carboxymethyl-ribonuclease-A¢ 


Enzyme’’ mixture used for assay 
Imidazole 
| Neutralized 
1.2 mg/ml in 0.5. N 
NaOH 
| 0.3 mg/ml 
yl yl 
1 | 160 
2 | 10 160 
3 10 165 
4 10 | 160 
6 | 40 160 
7 10 10 | 475 
8 10 10 160 
9 10 40 160 
10 10 10 - 170 
13 10 40 445 


2 See reference (1). Sample donated by W. H. Stein, and A. 
M. Crestfield. 


As in the case of the acetyl and ester derivatives of RNase-A 
(7, 8), the sulfonium salt formation on the methionyl] residues in 
the “‘protein”’ part causes an enormous change in the “peptide”- 
“protein” binding constant. Otherwise, at concentrations of the 
order of 10-° m the intermolecular reaction with the added S- 


Protein could never compete with the intramolecular association | 


normally present. The change in the constant must be several 
orders of magnitude more than that caused by the reaction at 
position 17 (4). 

How many of the three methiony] residues in S-Protein are 
involved in the activity loss is not yet clear. With iodoacetamide 
as the reagent, the reaction of a single residue may be sufficient 
to cause complete inactivation. With iodoacetate, full loss of 
activity always requires that more than one, but probably not 
more than two residues shall have reacted. It may thus be 
possible that each of the three residues has its own characteristic 
reactivity toward these alkylating reagents. 

From the data presented in Tables I and II it cannot be stated 
with certainty whether the loss of activity of RNase-A is due to 
the change in the histidyl or the methionyl residue. This result 
may be contrasted with the similar experiment of Gundlach et al. 
(1) at pH 5.5 in which the reaction of the histidy] residue was the 
major effect and was clearly responsible for the activity loss. 
The reason for the apparent discrepancy is obscure at this time. 
The histidyl reaction is markedly pH-dependent, and the dif- 
ference between pH 5.5 and 6.0 may be significant. The history 
of the two protein samples used is not identical. In particular, 


the nature of the residual salt, if any, may affect the reaction? — 


It is expected that when the significance of such variables has 
been clearly established, the two sets of observations will be in 
substantial agreement. 


SUMMARY 


Inactivation of the protein component of ribonuclease-S at 
pH 6 and 40° by iodoacetate is caused by the alkylation of one 
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or more of the three methiony! residues. The result of this 
modification is an inability to bind the peptide component and 
thus form an active enzyme. No reaction at histidy]l side chains 
could be detected. 

Treatment of ribonuclease-S under the same conditions caused 
the modification of both methionyl and histidyl residues. The 
same monocarboxymethy] histidine isomer was found as that 
reported by Gundlach e¢ al. (1) for ribonuclease-A, and this 
altered residue was located in the “protein”? portion of the 
eomplex. The unusual reaction of this histidyl residue requires 
the presence of the peptide component and thus, presumably 
of the three dimensional structure characteristic of the active 
enzyme. 

Some experiments with the imidazole-carboxymethyl-ribo- 
nuclease of Gundlach et al. (1) indicate that the inactivation 
produced by alkylation of the histidine residue is not accompanied 


P. J. Vithayathil and F. M. Richards 
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by any marked structural change such as that caused by the 
sulfonium salt formation at the methionine residues. 
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stimulating Hormones from Monkey 
Pituitary Glands* 
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(Received for publication, January 12, 1961) 


Two types of melanocyte-stimulating hormones, a and £, 
have been isolated from the pituitary glands of pigs, cattle, and 
horses. In all these species, a- MSH! has the same structure 
(1-3), being a linear peptide containing 13 amino acid residues. 
The NH,-terminal seryl residye is blocked with an acetyl group, 
and the COOH-terminal valine is in the form of an amide. The 
8-melanocyte-stimulating hormones obtained from pituitary 
glands of the species listed (4, 5) are linear peptides made up of 
18 amino acid residues with both the NH.- and COOH-terminal 
groups being aspartic acid. However, the amino acid composi- 
tion of B-MSH differs slightly from one species to another. In 
addition, a B-type of MSH, isolated from human pituitary glands 
by Dixon (6), differs markedly from that of pigs, cattle, and 
horses in that four extra amino acid residues are attached to the 
NH,-terminus and an arginyl replaces a lysyl residue at pasition 
10 (7). Dixon found no evidence for the presence of a-MSH 
in human pituitary glands. In our studies, small quantities of 
both a- and B-MSH, as well as fairly large amounts of adreno- 
corticotropic hormone, were found when a human pituitary 
concentrate was fractionated by carboxymethyl] cellulose column 
chromatography. However, the quantities of MSH were too 
small to isolate as homogeneous fractions. It was possible that 
the human pituitary glands were of poor quality because of 
long-term storage in acetone. Because we had difficulty in 
obtaining melanocyte-stimulating hormones from human pitu- 
itary glands, we decided to isolate these hormones from monkey 
pituitary glands with the hope that information as to the chemis- 
try of human MSH might be deduced. 


EXPERIMENTAL PROCEDURE 


Preparation of MSH‘ and ACTH Concentrates—Frozen whole 
monkey pituitary glands were lyophilized and pulverized into a 
fine powder. The material was fractionated according to a 
modification of the procedure described previously (8). The 
PEF was dissolved in 0.1 N acetic acid to form a 5% solution 
which was submitted to two successive oxycellulose treatments 


* This work is supported by grants from the United States 
Public Health Service and the American Cancer Society. A por- 
tion of this work has been reported at the meetings of the Federa- 
tion of American Societies for Experimental Biology, April, 1960. 

1 The abbreviations used are: MSH, melanocyte-stimulating 
hormone; ACTH, adrenocorticotropic hormone; PEF, petroleum 
ether-precipitated fraction; CM-cellulose, carboxymethyl cellu- 
lose; OXF, oxycellulose fraction; PTH, phenylthiohydantoin. 


at room temperature by using 15 and 100% washed oxycellulose, 
by weight of PEF, and an adsorption time of 24 and 13 hours, 
respectively. The oxycellulose from the first treatment yielded, 
after elution with 80% acetic acid, 150 mg of OXF-1, and the 
second oxycellulose treatment yielded 300 mg of OXF-2 per 60 
g of lyophilized monkey pituitary powder. 

CM-cellulose Column Chromatography—The CM-cellulose was 
prepared in the usual manner (9). For pilot runs, an 11- x 
190-mm column containing approximately 3 g of CM-cellulose 
was equilibrated with 0.005 M ammonium acetate solution at 
pH 5.8, with 0.03% toluene added as a preservative. Of the 
material to be fractionated, 50 mg were dissolved in 1 ml of 0.1 
N acetic acid, and the solution was made 0.1 M with respect to 
thioglycollic acid. The mixture was incubated at 80° for 1 
hour. At the end of incubation, the pH of the mixture was 
adjusted to 5.5 with ammonium hydroxide, diluted to 10 ml, and 
centrifuged. The clear supernatant fluid was introduced to the 
column. The insoluble residue was washed once with a small 
volume of 0.005 M ammonium acetate solution, and the washing 
was added to the column. The column was developed at room 
temperature by stepwise introduction of ammonium acetate 
solutions at the following concentrations and pH values: 0.005 
M, pH 5.8; 0.02 m, pH 5.8; 0.075 m, pH 5.8; 0.25 m, pH 7.0; and 
finally 1.0 m, pH 7.0. Volumes of 200 to 250 ml of each buffer 
were used. A flow rate of 12 to 15 ml per hour was maintained. 
The effluent from the column was collected in 3 ml fractions. 
The fractions were analyzed for optical density at 275 my and 
for MSH activity by frog skin bioassay in vitro (10) to identify 
each active component on the chromatogram. The component 
containing ACTH was further identified by assaying selected 
samples for adrenal ascorbic acid depletion activity in hypo- 
physectomized rats. 

A typical chromatogram of OXF-1 (Fig. 1) yielded 6-MSH, 
a-MSH, and ACTH. A similar chromatogram of OXF-2 
(Fig. 2) gave a-MSH and a trace amount of ACTH. For 
preparative purposes, 150 to 200 mg of material was fractionated 
on a 15- X 290-mm column. The active components were 
lyophilized separately. Yields from 60 g of lyophilized monkey 
pituitary powder were approximately 6 mg of a-MSH, 6 mg of 
B-MSH, and 12 mg of ACTH. The homogeneity of these three 
peptides was ascertained by paper electrophoresis and by enzymic 
digestion. The biological activity of these fractions toward 
isolated frog skin was comparable to that of the porcine hormones. 
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Chymotryptic and Tryptic Digestions—For chymotryptic 
digestion an enzyme to substrate ratio of 1:40 was used. Usually, 
3 to 4 mg of hormone were dissolved in 0.05 m NH,HCO; buffer, 
pH 8.25, at a concentration of 1 mg per ml. The enzyme was 
dissolved in the same buffer to give a concentration of 0.5 mg 
per ml. The mixture was placed in an incubator at 37° for 24 
hours. The enzymic reaction was stopped by addition of 1 drop 
of glacial acetic acid and was lyophilized to remove the salt. 
An aliquot of the enzymic digest was fractionated by paper 
electrophoresis in pyridine acetate buffer, pH 6.5, at 20 volts 
per cm for 2 hours. Peptide bands were located by ninhydrin 
reagent. Those containing tryptophan, histidine, arginine, and 
tyrosine were revealed by specific reagents (11). The main 
portion of the digest was then submitted to paper electrophoresis 
on a preparative scale. Each peptide fragment was cut from 
the electrophoretogram, eluted by 5% acetic acid, lyophilized, 
and further purified by paper chromatography in the n-butanol- 
acetic acid-water (4:1:5) system. Occasionally, the n-butanol- 
acetic acid-water-pyridine (30:6:24:20) system was used. 

For tryptic digestion an enzyme to substrate ratio of 1:100 
was used. The material to be digested was dissolved in water, 
and its pH was adjusted to 8.50 by 0.05 n NaOH in an autotitrator 
at 37°. An aqueous solution of trypsin at 0.5 mg per ml was 
added, and the pH of the reaction mixture was maintained 
automatically for 35 hours. The digest was treated in the same 
manner as the chymotryptic digest. 

NH: and COOH-Terminal Sequence Studies—The Edman 
PTH method (12) was used for determination of NH,.-terminal 
sequences of the intact hormones and of peptide fragments iso- 
lated from enzymic digestions. In some cases, only the NH>- 
terminus itself was identified; in others, the NH-,-terminal 
sequences were determined by stepwise application of the pro- 
cedures. 

The COOH-terminal amino acids were isolated from carboxy- 
peptidase digestion (4) of either the intact hormones or the pep- 
tidefragments resulting from tryptic and chymotryptic digestions. 

Total Acid Hydrolysis—Total acid hydrolysis was carried out 
ina sealed tube under vacuum at 100—-105° for 20 to 24 hours 
with twice-glass-distilled constant boiling HCl. The hydrolysate 
was dried over potassium hydroxide and phosphorous pentoxide 
ina vacuum. Constitutent amino acids were determined by 
one-dimensional paper chromatography in either an n-butanol- 
acetic acid-water (4:1:5) system, on Whatman No. 1 paper, or 
an m-cresol-phenol (1:1) system, on Whatman No. 52 paper, 
buffered with 0.1 m borate at pH 9.3, as described by Levy and 
Chung (13). 

Partial Acid Hydrolysis—Partial acid hydrolysis of peptide 
fragments was carried out in a sealed tube under vacuum with 
concentrated HCl (11.6 N) at 37° for 72 hours. The hydrolysate 
was dried over potassium hydroxide and phosphorous pentoxide 
ina vacuum and fractionated by paper electrophoresis in py- 
ndine-acetic acid buffer at pH 6.5 or 3.5. The reaction products 
were purified, if necessary, by paper chromatography in the n- 
butanol-acetic acid-water (4:1:5) system. The amino acid 
composition after total acid hydrolysis was determined by paper 
chromatography, as described previously. 


RESULTS AND DISCUSSION 


As expected, monkey a-MSH did not yield either free NH.-or 
COOH-terminal groups upon Edman PTH degradation and 
carboxypeptidase digestion. Chymotryptic digestion cleaved 
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the hormone into four major and several minor fragments as 
shown in Fig. 3. A striking similarity in electrophoretic pattern 
was Observed when a comparison was made with a similar digest 
of pig a-MSH. Amino acid composition and NH.- and COOH- 
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Fic. 1. CM-cellulose column chromatography of oxycellulose- 
purified OXF-1. Arrows indicate points where buffers were 
changed. Details of chromatography are described in the text. 
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Fig. 2. CM-cellulose column chromatography of oxycellulose- 
purified OXF-2. Arrows indicate points where buffers were 
changed. See text for details of chromatography. 


TRYPTIC DIGEST 


+ x Y} O O 
CHYMOTRYPTIC DIGEST 
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Fig. 3. Paper electrophoretograms of tryptic and chymotryptic 
digests of monkey a-MSH. Conditions of tryptic digestion: en- 
zyme to substrate ratio of 1:100, pH 8.50, 37°, 3.5 hours. Condi- 
tions of chymotryptic digestion: enzyme to substrate ratio of 1:40, 
pH 8.25, 37°, 24 hours. Paper electrophoresis of each digest was 
carried out in pyridine-acetic acid-water (100:4:900) buffer at 
pH 6.5, 20 volts percm,3 hours. Peptide fragments were revealed 
by ninhydrin reagent and tested for tyrosine, histidine, arginine, 
and tryptophan with specific reagents. 
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TABLE I 
Peptides from chymotryptic digestion of monkey a-MSH 
pH 8.25, temperature, 37°, 24 hours with an enzyme to substrate ratio of 1:40. 
Peptide | COOH-terminal NH2-terminal Total hydrolysate Partial sequence 
Ch-1 | Tyr (Tyr,Ser) R-Ser.Tyr - 
Ch-2 | Phe | (His,Ser,Glu,Met,Phe) (His,Ser,Glu,Met)Phe 
Ch-3 Try,Arg | (Arg) Arg.Try* 
Ch-4 | (Arg,Lys,Gly,Pro,Val) 
Ch-5 None | Gly (Lys,Gly,Pro,Val) Gly (Lys,Pro,Val) 
* The sequence Arg.Try was established on the basis of the known specificity of chymotrypsin and the results of tryptic digestion. 
TaBLeE II terminal groups of each peptide fragment from chymotryptic 
Partial acid hydrolysis of peptides Ch-2 and Ch-5 digestion are shown in Table I. Since peptide Ch-1 has serine | —- 
from monkey a-MSH and tyrosine as its constituent amino acids, carboxypeptidase 
The fragments were isolated after paper electrophoresis and are _ should be able to release both of them as free amino acids. The 
numbered in the order of increasing basicity. finding of tyrosine as the only ninhydrin-positive constituent 
: | after carboxypeptidase digestion indicated that the a-amino 
Scuiiala way | diaeresis group of the serine residue in peptide Ch-1 was not free. The 
ai | highly basic nature of peptide Ch-5, as revealed by electro- Z 
Prag. | phoretic mobility, and the absence of a COOH-terminal group | _ 
= in the peptide, suggested an amide group at the COOH-terminus. F 
—— ——. Thus, peptides Ch-1 and Ch-5 must have been derived from the | — 
7 His.Phe 4 Gly.Lys NH.-terminal and COOH-terminal sequences, respectively, of 
3 Glu.His.Phe 3 Lys.Pro the parent molecule. Upon tryptic digestion of the hormone, 
2 Met.Glu 1-c* Pro.Val two major fragments, peptides T-1 and T-2, were found, as 
shown in Fig. 3. Peptide T-1 gave positive tests for arginine, 
6G Ser. Met —_— l-a*) Gly tyrosine, and histidine and possessed the amino acid composition 
g His 5 Lys arginine, histidine, serine, glutamic acid, tyrosine, methionine, 
6 Lys.Pro.Val-NH: and phenylalanine. Peptide T-2 was tryptophan-positive and 
— - contained glycine, lysine, proline, and valine. With this addi- 
Ser.Met.Glu.His.Phe Gly.Lys.Pro.Val-NH2 tional information, we were able to assign the positions occupied 
a Soeeaa 7 by peptides Ch-2 and Ch-3 and arrive at the following partial 
These fragments were tsclated from paper sequence of monkey a-MSH: R-Ser.Tyr.(His,Ser,Glu,Met)Phe- | — 
Arg.Try.Gly(Lys,Pro,Val)-NH». Partial acid hydrolysis of 
peptides Ch-2 and Ch-5 as shown in Table II furnished the | ~ 
“ a" T=2 necessary evidence to complete the amino acid sequence of 
: monkey a-MSH (Fig. 4). At present the identity of group R 
R-Ser- Tyr. Ser Met.Glu.His. PheArg.Try.Gly. Lys.ProVal-NH2 has not been established. It probably is an acetyl group as in 
the porcine and bovine hormones. 
Ch-t Ch-e Monkey B-MSH gave aspartic acid as its NH.-terminal group 
procedure. By use o s me , it was possible to carry ou 
, Fic. 4. Proposed amino acid sequence of monkeya-MSH. The 14) steps and identify the released PTH derivatives of the amino 
ragments isolated from tryptic and chymotryptic digests are ; ; A 
indicated by the symbols T and Ch, respectively. acids with clear-cut results. Thus, the N-terminal sequence 
was established as: Asp.Glu.Gly.Pro.Tyr.Arg.Met.Glu. His.Phe.- 
TRYPTIC DIGEST Arg. Arginine residues at positions 6 and 11 were confirmed by 
regenerating arginine from its PTH derivative by acid hydrolysis. 
| ) Although it often has been stated that it is very difficult to extract | fr 
ys Q ( CO A “| the PTH derivative of arginine from an acid or neutral solution | ai 
during Edman degradation (12, 14), this did not seem to be the 
a case when the paper strip modification of this technique was 
CHYMOTRYPTIC DIGEST used. The COOH-terminal group determination indicated a | Pi 
single aspartic acid residue. It therefore appears that ry He 
B-MSH has an amino acid sequence closely related to that of {| p, 
© QO QO -| the porcine hormone. Upon chymotryptic and tryptic 
Ch-| Ch-4 = Ch-2Ch-3 Ch-5 monkey B-MSH was cleaved into peptide fragments as expected. 
Fia. 5. Paper electrophoretograms of tryptic and chymotryptic The digests ee fractionated by paper electr ophoresis as esr : 
digestions of monkey 8B-MSH. Conditions of enzymatic digestions 1 Fig. 5. The peptide fragments were purified as usual. Their 
and electrophoresis are specified in Fig. 3. constituent amino acids and COOH- and NH.-terminal groups 
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TABLE III 


Peptides from chymotryptic and tryptic digestions of monkey B-MSH 
Conditions of chymotryptic digestion: pH 8.25; temperature, 37°; 24 hours with an enzyme to substrate ratio of 1:40. Conditions 
of tryptic digestion: pH 8.50; temperature, 37°; 34 hours with an enzyme to substrate ratio of 1:100. 


Peptide COOH-terminal NH2-terminal | Total hydrolysate | Partial sequence 

Ch-1 Tyr | (Asp,Glu,Gly,Pro,Tyr) | (Asp,Glu,Gly,Pro)Tyr 
Ch-2 | (Arg,Gly,Ser,Pro,Lys,Asp) | | 
Ch-3 Phe | (Arg,Met,Glu,His,Phe) | (Arg,Met,Glu,His)Phe 
Ch-4 Asp Gly.Ser.Pro.Pro (Gly,Ser,Pro,Lys,Asp) | Gly.Ser.Pro.Pro.Lys.Asp 
Ch-5 Arg, Try (Arg) Arg.Try* 

T-1l (Asp,Glu,Gly,Pro,Tyr,Arg) 

T-2 (Gly,Ser,Pro,Lys,Asp) | 

T-3 (Met ,Glu,His,Phe,Arg) 


* The sequence Arg.Try was established on the basis of the known specificity of chymotrypsin and the results of tryptic digestion. 


TABLE IV 


Partial acid hydrolysis of peptides Ch-1, Ch-8, and Ch-4 from monkey B-MSH 
The fragments were isolated after paper electrophoresis and are numbered in the order of increasing basicity. 


Peptide Ch-1 | Peptide Ch-3 Peptide Ch-4 
Fragment Sequence Fragment Sequence Fragment Sequence 

7c* Tyr 6 Arg 1 Asp 
7e* Pro.Tyr 5T Arg.Met 6 Lys.Asp 
7d* Gly.Pro.Tyr 1 Met.Glu 7 Ser.Pro.Pro.Lys 
7b* Gly.Pro 2 Glu.His 4 Ser.Pro.Pro.Lys.Asp 
7a* Gly 4 Glu.His.Phe 2 Gly.Ser 
5 Glu.Gly.Pro 3 Gly 
5 Glu.Gly 
4 Asp.Glu.Gly 
3 Glu 
2 Asp 
l Asp.Glu 

Asp.Glu.Gly.Pro.Tyr Arg.Met.Glu.His.Phe Gly.Ser.Pro.Pro.Lys.Asp 


* These fragments were isolated from a paper chromatogram of fragment 7. 
t In addition to Arg.Met, a small quantity of Arg.Met SO was also obtained. 


Ch—-| 


T-4 
> T-3 T-2 
AspGlu Gly. Pro. Tyr. Arg.Met.Glu.His.Phe.Arg-Try.Gly. Ser. Pro.Pro. Lys.Asp. 
Ch-—2 


Fig. 6. Proposed amino acid sequence of monkey B-MSH. The 
fragments from the tryptic and chymotryptic digests are indi- 


cated by the symbols T and Ch, respectively. 


Pig, Beef 
Horse, Monkey 


are shown in Table III. Peptide Ch-2 had the combined amino 
acids of peptides Ch-5 and Ch-4, and peptide Ch-4 had an aspartic 
acid residue as its COOH-terminus. Therefore, a partial COOH- 
terminal amino acid sequence of monkey 6-MSH was established 
as: Arg. Try.Gly.Ser.Pro.Pro.Lys.Asp. 

Upon partial acid hydrolysis of peptide fragments Ch-1 and 
Ch-3 (Table IV), it was found that they contained those portions 
of the NH,-terminal sequence elucidated by Edman degradations. 
Since there were no other major fragments in the chymotryptic 
digest besides those mentioned, the amino acid sequence of 
monkey 8-MSH was established as shown in Fig. 6. 


a-MSH 


8-MSH 


Asp.Glu.Gly.Pro.Tyr.Lys.Met.Glu.His.Phe.Arg.Try.Gly.Ser.Pro.Pro.Lys.Asp 
Asp.Ser.Gly.Pro.Tyr.Lys.Met.Glu.His.Phe.Arg.Try.Gly.Ser.Pro.Pro.Lys.Asp 
Asp.Glu.Gly.Pro.Tyr.Lys.Met.Glu.His.Phe.Arg.Try.Gly.Ser.Pro.Arg.Lys.Asp 
Asp.Glu.Gly.Pro.Tyr.Arg.Met.Glu.His.Phe.Arg.Try.Gly.Ser.Pro.Pro.Lys.Asp 
Ala.Glu.Lys.Lys.Asp.Glu.Gly.Pro.Tyr.Arg.Met.Glu.His.Phe.Arg.Try.Gly.Ser.Pro.Pro.Lys.Asp 


Fic. 7. Amino acid sequence of a-MSH and 6-MSH from various species 
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In the second step of the Edman degradation of monkey 6- 
MSH, a small amount of PTH derivative of serine was identified 
together with that of glutamic acid. Thereare several interpreta- 
tions of this observation. A modified 8-MSH with a seryl 
residue at position 2 and an arginyl residue at position 6 was 
present in the pituitary material and was not separated by CM- 
cellulose column chromatography from the main component of 
monkey 8-MSH; a small amount of unrelated contaminant was 
present in the material submitted to Edman degradation; or 
the glycylseryl bond at the far end of this sequence was cleaved 
by acid treatment, so that a PTH derivative of serine was re- 
leased during the second step of Edman degradation. The last 
two possibilities were ruled out by finding that during the subse- 
quent steps of Edman degradation all the released PTH deriva- 
tives of amino acids could be accounted for by the proposed 
NH,-terminal sequences; and a homogeneous 8-MSH sample 
from pigs gave only the PTH derivative of glutamic acid during 
the second step of Edman degradation. The presence of a seryl 
modification of monkey G-MSH was also indicated in the chymo- 
tryptic digest of the sample from which a trace amount of a 
peptide fragment with electrophoretic mobility corresponding 
to Asp.Ser.Gly.Pro.Tyr was identified on a paper electrophoreto- 
gram. Because of the low concentration of this fragment in the 
chymotryptic digest, we were not able to establish its identity 
more rigorously. 

At present, ACTH isolated from these preparations of monkey 
pituitaries has not been studied in detail. Preliminary evidence 
from column chromatography and paper electrophoresis indi- 
cates that monkey ACTH is similar to that from man and pig 
(15). 

It should be pointed out that we did not submit the isolated 
hormones to quantitative amino acid analysis because of a 
limited supply of monkey pituitary materials. We assumed at 
the outset that the monkey hormones would have the same 
general sequences as a- and 8-MSH from other species. Our 
results indicate that this is indeed the case. 

The amino acid sequences of a- and 8-MSH from various 
species are shown in Fig. 7. No species differences are evident 
in a-MSH obtained from pigs, cattle, horses, and monkeys. 
Perhaps the amino acid sequence of human a-MSH is also identi- 
cal with that of other species. The 8-melanocyte-stimulating 
hormones possess variations, such as the NH,-terminal tetra- 
peptide sequence Ala.Glu.Lys.Lys in human £8-MSH; and 
the interchanges of seryl for glutamyl in bovine B-MSH (5), 
arginyl for lysy] in monkey and arginy] for prolyl in horse.* 


2 J. S. Dixon, personal communication. 


SUMMARY 


a- and 8-melanocyte-stimulating hormone were isolated from 
oxycellulose-purified monkey pituitary material by carboxy. 
methyl cellulose column chromatography. Structural studies 
revealed that the amino acid sequence of monkey a-melanocyte- 
stimulating hormone is identical with that from other species, 
whereas monkey 6-melanocyte-stimulating hormone may be 
considered a modification of the porcine hormone with an inter- 
change of a lysyl and an arginy! residue at position 6. There js 
an indication that a trace amount of a modified bovine B-melano- 
cyte-stimulating hormone with the same interchange at position 
6 is also present in monkey pituitary glands. 
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Since nearly all mammalian hydroxyproline is found in colla- 
gen, the incorporation in vivo of radioisotopes into hydroxyproline 
has frequently been used in studies on the synthesis and degrada- 
tion of collagen. In order to extend some of these studies (1), 
a relatively simple technique was devised for determining the 
specific activity of hydroxyproline. 

Several methods for the quantitative analysis of hydroxy- 
proline involve oxidation of the imino acid to pyrrole and then 
condensation of the pyrrole with p-dimethylaminobenzaldehyde 
to give a chromophore suitable for spectrophotometry (2, 3). 
Ina recently described method for hydroxyproline assay (4), the 
pyrrole is extracted into toluene to separate it from interfering 
materials and to insure specificity of the color reaction. Since 
toluene solutions are suitable for radioactive counting, this 
technique was modified so that it can be applied to samples con- 
taining C'- and tritium-labeled hydroxyproline and the final 
solutions of pyrrole can be counted directly in a liquid scintilla- 
tion counter. The specific activity of the pyrrole is readily 
determined by taking an aliquot of the toluene solution for 
quantitative assay. Because the initial oxidation products of 
hydroxyproline are not extracted from alkaline solutions by 
chloroform or toluene, interfering radioactive materials are re- 
moved by solvent extractions before the pyrrole is formed. The 
procedure can be applied to urine and crude tissue preparations, 
and a number of samples can be analyzed simultaneously. 


EXPERIMENTAL PROCEDURE 


Materials—The following solutions were used: 0.2 m chlor- 
amine-T’ (Eastman Organic Chemicals) in distilled water, pre- 
pared daily; 0.2 m sodium pyrophosphate, pH 8.0, in distilled 
water; 1.0 m sodium thiosulfate in distilled water; toluene (Ameri- 
can Chemical Society specifications); 1.0 Mm Tris buffer, pH 8.0, 
in distilled water. 

p-Dimethylaminobenzaldehyde or Ehrlich’s reagent (analyt- 
ical grade; Matheson, Coleman, and Bell) was prepared in the 
following manner. Concentrated sulfuric acid (27.4 ml) was 
slowly added to 200 ml of absolute alcohol in a beaker and the 
mixture was cooled. In another beaker, 120 g of p-dimethyl- 
aminobenzaldehyde were added to 200 ml of absolute alcohol, 
and then the acid-ethanol mixture was slowly stirred into the 
second beaker. The solution can be kept in the refrigerator for 


several weeks. The crystals which precipitate upon cooling can 


easily be redissolved by warming the solution briefly. 


*Present address, Department of Chemistry “1, Karolinska 
institutet, Stockholm 60, Sweden. 
‘Occasionally it is necessary to recrystallize the p-dimethy!l- 


A phosphor solution was made by dissolving 15 g of 2,5- 
diphenyloxazole (Pilot Chemicals, Inc.) and 50 mg of p-bis(2-(5- 
phenyloxazolyl)) benzene (Pilot Chemicals, Inc.) in 1.0 liter of 
toluene. If the solution is protected from light, it can be stored 
in a refrigerator for several weeks. 

Proline-C™ and glutamic acid-C", uniformly labeled, were 
obtained from the Nuclear-Chicago Corporation. Hydroxy-p1- 
proline-2-C“" was kindly furnished by Dr. Chozo Mitoma, 
Stanford Research Institute. Uniformly labeled hydroxy-.-pro- 
line-H*, prepared by the Wilzbach technique (6), was kindly 
furnished by Dr. Bernard Witkop, National Institute of 
Arthritis and Metabolic Diseases. The culture tubes used were 
screw capped with Teflon liners, 200 mm in length and 25 mm 
in outside diameter (Kimax). Analytical grade cation exchange 
resin AG50Wx8, 200 to 400 mesh, was obtained from the Cali- 
fornia Corporation for Biochemical Research and was equivalent 
to Dowex 50. 


I. Isolation of Pyrrole from Rat Urine 


Most of the hydroxyproline in urine is present in peptide form 
(1), and therefore a preliminary hydrolysis was performed. An 
equal volume of concentrated hydrochloric acid was added to a 
24-hour sample of rat urine, and the sample was autoclaved for 
3 hours at 124°. The hydrolyzed sample was evaporated to 
dryness in a vacuum, and the remaining traces of hydrochloric 
acid were removed by placing it overnight in a desiccator con- 
taining sodium hydroxide pellets. The residue was dissolved in 
8 to 10 ml of distilled water and the solution neutralized with 
dilute sodium hydroxide. Humin-like pigments were removed 
by shaking with a liberal amount of charcoal, and then centri- 
fuging or filtering off the charcoal. It is not essential to remove 
the pigments completely, and the humin precipitant described 
previously (4) can also be used. 

To remove interfering cations (see below) the solution was 
adjusted to a pH of 8.0 (+0.5) with dilute sodium hydroxide 
and was passed through a Dowex 50 column (sodium form) 1 em 
in diameter and 12 cm long. The column was washed twice 
with 5 ml of distilled water. 

Oxidation—The a from the column (about 25 ml) 
was placed in a culture tube, and the pH readjusted to 8.0. 
Pyrophosphate buffer, pH 8 (2 ml), was added, and the tube 
was allowed to equilibrate to room temperature. The sample 
was then oxidized by adding 2 ml of 0.2 m chloramine-T, and 


aminobenzaldehyde from ethanol to minimize absorbancy of the 
reagent blank. 
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TABLE I 
Specificity of labeled pyrrole isolation 

Glutamic acid-C and proline-C (1 we of each) were added to 
24-hour rat urines, and hydroxyproline-pyrrole was isolated in 
the manner described. The toluene from the preliminary extrac- 
tions was counted and the counts per minute converted to disin- 
tegrations per minute by comparison with benzoic acid-C™ 
standards (National Bureau of Standards). The final extraction 
with toluene was performed after the incubation step which forms 
pyrrole. 


Glutamic acid-C Proline-C'# 

d.p.m. % d.p.m. % 
2.2 X 10° 100 2.6 X 106100 
19,300 0.89 400,000 15.4 
2,600 0.12; 73,600 2.8 
850 0.04| 46,400 1.8 
480 0.02) 26,500 1.0 
Final extraction............. 930 0.04 25,200 1.0 


after 20 minutes the oxidation was stopped with 20 ml of 1.0 m 
sodium thiosulfate. Since the immediate oxidation products of 
hydroxyproline present at this stage are water-soluble, labeled 
organic-soluble materials, which would later interfere with the 
isotope counting, were removed by several extractions with 
chloroform and toluene (Table I). The pH was readjusted to 
8.0 if necessary, and 6 ml of Tris buffer and 10 ml of chloroform 
were added. The top was secured and the tube shaken vigor- 
ously 100 times. The sample was centrifuged briefly at low 
speed to insure separation of phases, and the chloroform layer 
was drawn off from the bottom. The chloroform must be re- 
moved completely to avoid quenching during counting. The 
solution was saturated with a liberal excess of sodium chloride 
and the aqueous phase was extracted four times with 10 to 15 
ml of toluene, and a fifth time with 11.5 ml of toluene. The 
tube was shaken vigorously 100 times for each toluene extraction 
and centrifuged at low speed for complete separation of phases. 
The pH should be checked after each extraction, and occasionally 
it is necessary to add dilute alkali to maintain the pH at 8. A 
total of 10 ml of toluene from the final extraction was placed 
in a counting vial to serve as a blank for scintillation counting. 

Conversion of Pyrrole—The residual toluene layer was dis- 
carded, and the tube was capped and placed in a boiling water 
bath for 25 minutes. This is sufficient to convert the interme- 
diate oxidation products to pyrrole. The sample was then 
cooled under running tap water, 11.5 ml of toluene were added, 
and the tube was again shaken vigorously 100 times. After 
centrifugation, 10 ml of the clear toluene phase were transferred 
to a counting vial for radioactive measurement. 

Color Reaction—A 0.5-ml aliquot of the same toluene solution 
was diluted with 4.0 ml of toluene, and 2 ml of the Ehrlich’s 
reagent were rapidly mixed into the toluene. The color was 
allowed to develop at room temperature for 15 minutes, and the 
absorbancy at 560 mu was determined. With a Beckman model 
B spectrophotometer, 0.10 umole of redistilled pyrrole gives an 
absorbancy of 1.48 + 0.01 units. The toluene aliquot must be 
free from any of the aqueous phase, since small amounts of 
sodium thiosulfate will cause the color to fade rapidly. 

Liquid Scintillation Counting—Phosphor solution (1 ml) was 
added to the 10 ml of toluene in a counting vial, and the vial 
was counted in a Packard Tri-Carb liquid scintillation counter. 
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In our instrument the phosphor has given an efficiency of 56 to | 


61% with a background of 12 to 15 c.p.m. for C4, and an eff. 
ciency of 20 to 22% with a background of 100 to 115 ¢.p.m. for 
tritium. 


II. Pyrrole Isolation from Tissues 


Because of the large amounts of noncollagenous materials jn 
most tissues, the collagen was partially purified and converted 
to gelatin before isolation of the labeled pyrrole. 
5.0 g of tissue were homogenized in 20 ml of distilled water with 
a Lourde homogenizer (model MM), and the homogenate was 
centrifuged at 20,000 x g for 30 minutes. The insoluble residue 
was rehomogenized in 20 ml of distilled water and again centri- 
fuged. The remaining insoluble material was dehydrated by 
soaking it overnight in 50 ml of absolute ethanol. The ethanol 
was discarded, and fat was removed from the sample by extract- 
ing it two or three times with 20 ml of warm ethanol-ether (1:2). 
The ethanol-ether was filtered off, and the insoluble residue was 
dried by placing it in an evacuated desiccator for several hours. 
Finally, a gelatin solution was prepared by adding 10 to 100 ml 
of distilled water to the sample and autoclaving it for 3 hours at 
124°. The solution was filtered, and any remaining insoluble 
material was discarded. 

To hydrolyze the gelatin, a solution containing 10 mg (or less) 
per ml was diluted with an equal volume of concentrated hydro- 
chloric acid and was autoclaved at 124° for 15 hours. The 
sample was then evaporated to dryness and ee to a 
culture tube with 4 to 6 ml of distilled water. 

Oxidation and Conversion to Pyrrole—The pH was preera to 
8.0 + 0.5 with dilute NaOH, and the final volume was made up 
to 8 to 10ml. Pyrophosphate buffer (2 ml) was added, and the 
sample was oxidized at room temperature with 0.5 to 2.0 ml of 
the chloramine-T solution (see below). After 20 minutes, oxida- 
tion was stopped with 20 ml of 1.0 M sodium thiosulfate. Extrac- 


tion of interfering substances, incubation, and final extraction of | 


pyrrole were performed as described above for urine. 


RESULTS AND DISCUSSION 


The reliability of the hydroxyproline-pyrrole colorimetric 
assay used here was established previously (4). 

Isolation of C'*- and H3-Pyrrole from Labeled Hydroxyproline— 
Solutions of hydroxyproline-C and hydroxyproline-H* were 
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PYRROLE-2-C'* »C/uMOLE 


1.0 2.0 
HYDROXYPROLINE-2-C'* 
Fig. 1. Relationship between specific activity of initial hy- 
droxyproline-2-C'* and recovered pyrrole-2-C"4. 
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Fic. 2. Relationship between specific activity of initial uni- 
formly labeled hydroxyproline-H* and recovered uniformly la- 
beled pyrrole-H*. 
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Fig. 3. Yield of pyrrole from gelatin hydrolysates with varying 
amounts of chloramine-T. Symbols: 1.0 mg of gelatin hydroly- 
sate (@); 10 mg of gelatin hydrolysate (4); 40 mg of gelatin 
hydrolysate (O). 


TABLE II 


Isolation of pyrrole from rat tissues 


The amount of hydroxyproline in the sample was determined 
by the quantitative method described previously (4). 


| used for | | 

isolation 
pmoles mmole pmoles % 
3.45 0.4 2.06 60 
23.8 0.4 9.11 38 
20.1 0.4 6.42 32 
14.9 0.4 8.21 55 
3.62 0.2 1.68 46 


prepared so that each contained 2 ywmoles of hydroxyproline per 
ml and varying amounts of isotope. When 4 ml of each solution 
were analyzed by the procedure described above, the amount of 
pytrole isolated varied from 5.24 to 7.27 umoles. The losses 
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probably represent removal of some of the aqueous phase during 
the preliminary extractions, but no attempt was made to obtain 
perfect yields, since this is unimportant for the determination of 
specific activity. Figs. 1 and 2 show that there is a linear rela- 
tionship between the specific activities of the isolated pyrrole 
and the initial hydroxyproline over the range studied. As would 
be expected, the specific activities expressed as microcuries per 
umole are the same for hydroxyproline and pyrrole with the C'- 
labeled material. During the conversion of hydroxyproline-H* 
to pyrrole, only a fraction of the label is retained (Fig. 2), be- 
cause only six hydroxyproline hydrogens are labeled nonrevers- 
ibly with tritium, and three of these are lost in the conversion to 
pyrrole. The 0.4 ratio obtained between the pyrrole-H* and the 
hydroxyproline-H* specific activities is higher than predicted, 


TABLE III 


Effect of desalting column on isolation of hydroxyproline-pyrrole 
from rat urine 


Twenty-four hour urines from two 8-week-old (200 g) Sprague- 
Dawley rats were pooled on 7 successive days. Each pooled 
urine was divided into two equal parts and 5 umoles of hydroxy- 
proline were added to one of them to determine the percentage 
of recovery. 


| Calculated 
Pyrrole recove 
isolated of add 
hydroxyproline 
pmoles % 
Oxidized directly 
Treated with Dowex 50 (sodium form) 
100 T T T T 


% RECOVERY 


2 


0 a2 04 06 
m MOLE CHLORAMINE T 


Fic. 4. Recoveries of hydroxyproline from rat urine with vary- 
ing amounts of chloramine-T. Twenty-four-hour urines from six 
young rats (2 months) and two older rats (22 months) were pooled 
on 2 consecutive days. The pooled urine for each day was divided 
into eight equal parts, and 500 ug of hydroxyproline were added 
to four of them. Recoveries of added hydroxyproline on urine 
from day 1 (@); recovery of added hydroxyproline on urine from 
day 2 (D). 
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probably because of nonuniform labeling in the Wilzbach proce- 
dure (6). 

Specificity of Pyrrole Isolation—Since the technique described 
does not involve a chemical isolation of hydroxyproline, it was 
important to establish that other compounds, and in particular 
other amino acids, do not give rise to labeled oxidation products 
capable of producing erroneous counts. Under the conditions 
used, the initial oxidation products of hydroxyproline are probably 
pyrrole-2-carboxylic acid and A'pyrroline-4-hydroxy-2-carboxylic 
acid (5). The latter cannot be extracted into chloroform or 
toluene from mildly alkaline solutions (4), but after brief heating, 
they are converted to pyrrole which is extractable into toluene. 
It is likely that under the conditions used here many different 
amino acids are oxidized to aldehydes and other substances 
which are soluble in organic solvents to varying degrees. Unlike 
the oxidation intermediates from Irydroxyproline, however, the 
solubility of these products is not changed significantly by heat- 
ing at 100° for 25 minutes (Table I). It is possible, therefore, to 
remove substances which might interfere with the radioactive 
counting by a series of chloroform and toluene extractions before 
the hydroxyproline intermediates are decarboxylated to pyrrole. 
When 1 uc of glutamic acid-C™ and 1 we of proline-C™ were 
carried through the procedure (Table I), less than 0.04% and 
1.0%, respectively, of the initial counts appeared in the final 
extraction. In the procedure described above, the removal of 
extraneous radioactive substances is checked in each sample by 
using the last toluene extraction before incubation as a blank 
for counting. Additional chloroform and toluene extractions 
can be used if the sample contains large amounts of radioactivity 
in compounds other than hydroxyproline, or the chloroform ex- 
traction can be omitted if the interfering radioactivity is low. 
The preliminary toluene extractions also remove any pigments 
which might cause quenching in the counting procedure. 

Yields of Pyrrole from Various Solutions—In experiments with 
labeled hydroxyproline it may be desirable to obtain as much as 
2 to 10 wmoles of pyrrole for counting. Although this is easily 
accomplished with pure water solutions of hydroxyproline, com- 
pounds found in urine and tissue hydrolysates may interfere with 
the oxidation step and drastically reduce yields (4). The yields 
ean be improved by increasing the amount of chloramine-T 
used, but frequently perfect vields cannot be obtained because 
higher concentrations of chloramine-T destroy the desired prod- 
uct. To obtain optimal results it is necessary to vary the 
amount of chloramine-T depending on the source of the hydroxy- 
proline solution. Fig. 3 shows the results of experiments in 
which varying amounts of hydrolyzed gelatin were oxidized 
with different amounts of chloramine-T. Yields better than 
75% were obtained with 1 mg or less of gelatin. The optimal 
yield with 40 mg of gelatin was only 36%, but over 10 wmoles of 
pyrrole were isolated. When partially purified gelatin solutions 
from tissues like liver and muscle are used, more chloramine-T 
may have to be employed than for corresponding amounts of 
pure gelatin. By choosing suitable conditions it is possible to 


obtain sufficient amounts of radioactive pyrrole for radioassay 
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even from tissues with very low collagen content (Table II). If | 


it is desirable to know the total amount of hydroxyproline ini- 
tially present in any sample, a small aliquot can be taken for 
quantitative analysis (4). It should be noted that the exact 
chloramine-T requirement is influenced by the pH of the solu- 
tion, the oxidation temperature, the salt concentration, and the 
quality of the chloramine-T reagent. The salt concentration 
must be kept low during the chloroform extractions, since chloro- 
form will also extract the intermediary oxidation products from 
a salt-saturated solution. 

Because of the large amounts of solutes other than hydroxy- 
proline in urine, it is necessary to pass urine through a Dowex 
50 (sodium form) column before analysis (Table II]). With 
young rats it has been possible to isolate 2 to 5 umoles of pyrrole 
from 24-hour samples of urine. As is true with hydrolyzed 
gelatin solutions, the amount of chloramine-T is critical (Fig. 4), 
and for optimal yields it may be necessary to vary the amount 
of oxidant with the diet and strain of animals used in any partie- 
ular experiment. 

Applications of Technique— As indicated above, the technique 
described here should be well suited to following the specific 
activity of hydroxyproline in urine and tissues after administra- 
tion of either C™- or tritium-labeled precursors. We have been 
able to measure the specific activity of urinary hydroxyproline 
as long as 3 months after a single injection of 25 we of proline-C¥ 
inarat (1). No chemical isolation of hydroxyproline is required, 
and it is possible to measure specific activity in tissues which 
contain large amounts of materials other than collagen. The 
technique is relatively simple, and as many as 20 analyses can 
be performed simultaneously. 


SUMMARY 


A simple technique is described for the measurement of C™ 
and tritium-labeled hydroxyproline in crude tissue preparations 
and in urine. Hydroxyproline is oxidized to pyrrole, and the 
pyrrole extracted into toluene. Specific activity is then deter- 
mined by assaying an aliquot of the toluene solution chemically 
and counting the remainder in a liquid scintillation counter. 
The technique makes it possible to analyze a large number of 
samples conveniently and to determine the specific activity of 
hydroxyproline in the presence of large amounts of other radio- 
active materials. 
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Collagen accounts for about one-third of total body protein, 
but despite the importance of this protein, relatively little is 
known about its formation and degradation. Neuberger et al. 
(2, 3) injected glycine-C™ into rats and measured the specific 
activity of glycine in collagen and in other proteins at different 
time intervals. Since there was only a small incorporation of 
glycine-C™ into collagen, and since the specific activity declined 
much more slowly in collagen than in liver proteins, they con- 
cluded that, compared to other body proteins, collagen is ‘‘meta- 
bolically inert” (2). Subsequent studies (3, 4) showed that col- 
lagen can be separated into several fractions, and that labeled 
amino acids are rapidly incorporated into the more ‘‘soluble”’ 
forms of collagen. It has been assumed, however, that the 
soluble collagens are completely converted to insoluble collagen, 
and that the degradation of all types of body collagen is slow. 

The glycine-C™ technique used by Neuberger et al. is limited 
by two factors. The glycine-C™ enters other proteins with 
relatively short half-lives, and therefore relabeling of collagen 
occurs from the body pool of free glycine during the experimental 
period. In addition, separate animals must be used for each 
determination and there is considerable variation among animals 
(3). We have attempted to circumvent these difficulties by 
injecting proline-C" into rats and following the changes in specific 
activity of urinary hydroxyproline as an index of collagen me- 
tabolism. Since nearly all the hydroxyproline of the body is 
found in collagen, and since the only source of this imino acid 
appears to be the hydroxylation of ‘‘bound”’ proline in situ (5), 
the decay of urinary hydroxyproline-C™ should reflect the deg- 
radation in vivo of collagen or its immediate precursors. 


EXPERIMENTAL PROCEDURE 


Materials—Albino male Sprague-Dawley rats, 3 weeks to 2 
years old, were used in the experiments. The rats were main- 
tained on a diet which was free from hydroxyproline and con- 
tained 30% soya bean protein (kindly furnished by Dr. M. R. 
Spivey Fox, National Institute of Arthritis and Metabolic Dis- 
eases). The rats were weighed daily and kept in glass metabolic 
cages. Urine was collected under toluene at 24-hour intervals. 

L-Proline-U-C™%,! 10 ue per umole, was obtained from the 


* A preliminary report of this work has been presented (1). 

t Present address, Department of Chemistry I, Karolinska 
Institutet, Stockholm 60, Sweden. 

'The abbreviation used is: L-proline-U-C", uniformly labeled 
L-proline-C!4, 


Nuclear-Chicago Corporation. The compound was dissolved in 
1 to2 ml of 1% NaCland injected subcutaneously. Before use, a 
sample of the proline-C' was chromatographed on paper with 
carrier hydroxyproline and found to contain less than 0.01% 
hydroxyproline-C“. Hydroxy-pt-proline-2-C™ was kindly fur- 
nished by Dr. Chozo Mitoma (6). L-Proline was obtained from 
Nutritional Biochemicals Corporation. . 

Methods—Expired CO, was collected by placing the rats in 
metabolic cages and passing the expired gases through 3 N so- 
dium hydroxide. The amount of carbon dioxide collected was 
determined by back-titrating an aliquot with hydrochloric acid, 
and the radioactivity was measured in solution with an anthra- 
cene phosphor as described by Steinberg (7). Total C'-radio- 
activity of urine was also measured by the Steinberg technique, 
after interfering pigments had been removed by shaking with 
Dowex 1-X8 (chloride form) resin. The efficiency of scintillation 
counting for CO, and urine was 17 to 22%. 

Free and total urinary hydroxyproline were measured by the 
method of Prockop and Udenfriend (8). The specific activity 
of total urinary hydroxyproline was measured by the method 
previously described (9). The high specific activity of the pro- 
line in the urine during the first 2 days after injection necessitated 
a preliminary separation of the hydroxyproline from proline by 
placing the sample on a Dowex 50-X8 column (hydrogen form) 
and eluting with 2 N hydrochloric acid. The specific activity of 
the free hydroxyproline in urine was determined by adding 500 
ug of carrier to an aliquot of unhydrolyzed urine and then carry- 
ing it through the same procedure used for hydrolyzed urine. 
Recoveries of the carrier hydroxyproline ranged from 40 to 70%. 


RESULTS 


Decrease in Urinary Hydroxyproline with Age—2Ziff et al. (10) 
reported that children excreted 3 to 5 times more hydroxyproline 
than adults even though the total amino acid excretion of chil- 
dren was less. Before excretion of hydroxyproline-C“ was 
studied, the free and total hydroxyproline excretion in rats of 
varying ages was measured. As shown (Table I), 3-week-old 
rats excreted 2 to 3 times as much hydroxyproline as did 2-year- 
oldrats. Although there was no significant difference in amounts 
excreted between rats 3 and 6 weeks old, the hydroxyproline 
to creatinine excretion ratio was less in the older group. <A 
similar decrease would be apparent if the hydroxyproline excre- 
tion were related to total body weight. Most of the urinary 
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hydroxyproline was present in conjugated form; the free imino 
acid represented only 10% of the total excretion. 

Specific Activity of Urinary Hydroxyproline in Young Rats— 
Figs. 1 and 2 show typical results of experiments in which 25 ue 
of u-proline-U-C™ were injected into rats 3 and 6 weeks old. 
Superimposable curves were obtained in three other young rats 
(Table II). Since the animals increased their weight at a rapid 
rate during the experimental period, each value is corrected by a 
factor of weight on the day of collection divided by the initial 


TABLE 
Hydroxyproline excretion in rats of varying ages 


Free Total Ratio total 
Age Weight hydroxyproline) hydroxyproline hydroxyproline/creatinine 
excretion* excretion* excretion 
wks g hrs ug /24 hrs us/8 
3 46-62 73(42-97) 876(627-1060) | 0.725(0.445-1.14) 
6 140-165 | 62(50-75) | 924(721-1330) | 0.260(0.143-0.440) 
100 | 450-510 | 37(20-56) | 366(274-510) 0.019(0.011-0.024) 


* The values given are the means of five 24-hour collections on 
each of five different rats. Figures in parentheses are the ranges 
of the values obtained. 


3 WEEK OLD RAT 


10 20 30 40 50 60 
DAYS 


Fic. 1. Specific activity of urinary hydroxyproline after injec- 
tion of 25 we of proline-C" into a 3-week-old rat. The values for 
specific activity are corrected for changes in the rat’s weight 
(upper graph) during the experimental period. 
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Fic. 2. Specific activity of urinary hydroxyproline after injec- 


Urinary Hydroxyproline 


tion of 25 we of proline-C™ into a 6-week-old rat. Values are 
corrected for changes in the rat’s weight. 
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TABLE II 
Half-lives of urinary hydroryproline-C'* 


Half-lives of components Ordinate intercepts 
Age of rat | : 
| 1 | 2 | 3 a1 | as | aa 
days d.p.m./pg 
3 wks 0.7 5.1 47.0 0.55 0.33 0.12 
1.0 5.5 54.0 0.56 0.32 0.12 
0.6 4.5 52.0 0.50 0.40 0.09 
6 wks 0.47 3.9 107.0 0.81 0.14 0.05 
1.5 4.8 54.0 0.55 0.35 0.10 
15 mos 0.35 1.7 300 0.93 0.06 0.01 
0.40 T 300 0.98 T 0.02 


* See text for equation. 
t Component 2 could not be distinguished in hydroxyproline-C¥ 
excretion curve for this rat. 


weight. It can be seen that hydroxyproline-C™ excretion curves 
of the same general pattern were obtained in these actively 
growing animals. Although the curves might reflect a large 
number of different isotope decay rates, they can be resolved 
into a minimum of three linear components, and the fall in 
specific activity is closely approximated by the equation: 


= Aolaye*:t + ase~*at + az,e~*s') 


where A, is the specific activity (disintegration per minute per 
ug) of the total urinary hydroxyproline at time ¢; Ao is a nor- 
malization constant to convert the initial specific activity (at ¢ = 
0) to unity; a, a2, and a3 are the intercepts of the three compo- 
nents on the ordinate; e is the base of the natural logarithm; t is 
the time in days; and k,, ke, and k3 are equal to 0.693 divided by 
the half-life in days of each component. The intercept for 
Component 2 (a2) was estimated by subtracting the values for 
Component 3 from the original data and extrapolating tot = 0. 
The intercept for Component 1 (a;) was estimated by repeating 
this process with the values for Component 2. The half-lives 
and values of a;, a2, and a3 for the three components are listed 
in Table II. 

Specific Activity of Urinary Hydroxyproline in Older Rats—Two 
rats 15 months old were each treated by injection with 50 uc of 
L-proline-U-C™ (Fig. 3). In these rats the actual number of 
counts isolated per day was much less than in the younger ani- 
mals because the excretion of hydroxyproline was less and its 
specific activity was lower. The accuracy of individual deter- 
minations was therefore not as great as for young rats, and there 
was greater daily variation in the values for specific activity. 
In the older animals there was a rapid initial fall of specific ac- 
tivity, similar to that observed in young rats, but with a signifi- 
cantly shorter half-life (Table II). The second component 
which was observed in young rats could not be distinguished, 
and the values reached a plateau level on about the 5th day. 
The final component decayed with a minimal half-life of about 
300 days. 

Attempts were made to measure hydroxyproline-C™ excretion 
in three rats ranging in age from 24 to 28 months. Each of them 
received 50 ue of proline-C“, but because of the small amount 
of hydroxyproline excreted (Table I) and its low specific activity, 
reliable values could not be obtained. 

Interpretation of the excretion curves for hydroxyproline 
specific activity is simplified if it can be assumed that all signif- 
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icant labeling of hydroxyproline occurs within the first day or 
so after the injection of proline-C™“. The elimination of isotope 
after the injection of proline-C' was in accord with this assump- 
tion. Analysis of expired CO, after injection of proline-C' 
(Fig. 4) indicated that most of the label was lost within the first 
294 hours. Measurement of the total counts in urine showed a 
similar rapid loss of C™ (Fig. 4). To justify this assumption 
further, we added 10% t-proline to the diet of a rat 9 days after 
the injection of L-proline-U-C™. This additional intake of pro- 
line (about 1 g per day) should have increased the free proline 
pool of the body and lowered its specific activity. As seen in 
Fig. 5, the additional proline did not significantly affect the 
excretion curve of hydroxyproline specific activity. This indi- 
cates that although injected proline-C" can be expected to enter 
many body proteins with half-lives of 1 to 3 weeks, there is no 
significant relabeling of the hydroxyproline in collagen from the 
breakdown of these proteins. 

Free Urinary Hydroxryproline—Although there is little evidence 
for a direct conversion of proline to hydroxyproline (5), it is 
possible that in the first few days after the proline-C" injection, 
free hydroxyproline-C'* may have been formed by direct hy- 
droxylation of proline-C", and that this contributed significantly 
to the specific activity of the total urinary hydroxyproline. 


400 T T T T T T 


15 MONTH OLD RAT 


10 20 
DAYS 

Fig. 3. Specific activity of urinary hydroxyproline after injec- 
tion of 50 we of proline-C' into a 15-month-old rat. The rat’s 
weight was relatively constant throughout the experimental 
period (405 to 415 g). A similar curve was obtained for a second 
rat of the same age. : 


N 
uo 
| 


c'o, 


3 


% OF INJECTED DOSE (DPM) 


DAYS 
_ Fig. 4. Elimination of C™ after injection of 25 ue of proline-C™ 
into a 6-week-old rat. 
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Fic. 5. Failure of proline feeding to influence the change in 
specific activity of urinary hydroxyproline. Proline-C'* (25 ue) 
was injected into a 6-week-old rat, and on the 9th day L-proline 
was mixed into the diet (10 g/100 g). The rat continued to gain 
weight at the same rate as controls (Fig. 2). 
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Fic. 6. Specific activity of free and total urinary hydroxypro- 
line after injection of 25 we of proline-C into a 6-week-old rat. 
Similar results were obtained in two other rats. 


However, when free and total hydroxyproline-C™ were measured 
for 6 days after the injection of 25 ue of proline-C™ into 6-week- 
old rats, the specific activity of the free form did not differ 
significantly from that of the total urinary hydroxyproline (Fig. 
6). 

Since the injected L-proline-U-C™ contained up to 0.01 ue of 
hydroxyproline-C™ as a contaminant, the effect of administering 
hydroxyproline-C" itself was determined. After injection of 0.1 
ue of hydroxy-pL-proline-C™ into a 6-week-old rat, there was 
significant labeling of the urinary hydroxyproline (Fig. 7). 
However, all the hydroxyproline-C“ appeared as the free form 
of the imino acid, and the radioactivity disappeared rapidly 
with an apparent half-life of about 12 hours. 


DISCUSSION 


The excretion curves of hydroxyproline-C™ indicate that in 
3- and 6-week-old rats there are at least three different pools of 
hydroxyproline which can be labeled by injection of proline-C™. 
Each of these pools may consist of many separate pools, but the 
changing slopes of the excretion curves indicate there is a mini- 
mum of three. A number of observations make it reasonable to 
assume that these pools of hydroxyproline represent three or 
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Fic. 7. Urinary excretion of free and total hydroxyproline-C" 
after injection of 0.1 we of hydroxy-pL-proline-C into a 6-week- 
old rat. 
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laboratory on soluble and insoluble collagens.2, From. these 
studies it appears that after injection of proline-C™ the specific 
activity of hydroxyproline in neutral salt soluble collagen (4) 
closely parallels that of the hydroxyproline in urine. It is of 
interest that several laboratories (3, 4) have reported half-lives 
of 1 day or less for neutral salt soluble collagen, and that with 
stronger salt solutions and citrate, Jackson and Bentley (11) ob. 
tained a series of collagen fractions with half-lives intermediate 
between those of neutral salt soluble collagen and insoluble col- 
lagen. It is also of interest that the amount of soluble collagen 
is reported (12, 13) to decrease in older animals, since the older 
rats (Figs. 2 and 3) showed less evidence of rapidly metabolized 
hydroxyproline pools. The loss of soluble collagen with aging 
may also explain the decreased amount of hydroxyproline ex- 
creted by older rats. The rapid decrease of the hydroxyproline 
to creatinine ratio suggests that this relationship can be used to 
measure the metabolic aging of an animal’s collagen. 


NEUTRAL SALT 
SOLUBLE 
COLLAGEN 


~ LESSSOLUBLE --~~~ ~~. INSOLUBLE 
» COLLAGENS 


COLLAGEN 


URINARY HYPRO~ 


t 0.5—1.5 days 
5—6 days 
50-300 days 


Fic. 8. Scheme for the conversion of proline into the hydroxyproline of collagen and the degradation of collagen to urinary hy- 


droxyproline. 


more different forms of body collagen, at least two of which are 
synthesized and degraded rapidly. Except fdr the small amount 
in elastin, nearly all the hydroxyproline in the body is found in 
collagen, and in the systems which have been studied, the only 
source of hydroxyproline and its peptides is the breakdown of 
collagen. The studies of Stetten (5) indirectly suggested that 


urinary hydroxyproline arises from the degradation of collagen, 
since she found that administered hydroxyproline-N!* was not 
significantly incorporated into the hydroxyproline of collagen. 
Further justification for the assumption that hydroxyproline-C™“ 
excretion curves reflect the turnover of different forms of col- 
lagen has been obtained by preliminary experiments in this 


. 


The short half-life of the first component of the excretion curve 
in 3- to 6-week-old rats (0.5 to 1.5 days) raises the possibility 
that it represents a hydroxylation of free proline or an easily 
degraded precursor of collagen. Several considerations, how- 
ever, make this unlikely. If the first component of the excretion 
curves came from a simple amino acid precursor of collagen, one 
would expect it to label primarily the free hydroxyproline in 
urine. Instead we found that the free and bound forms of 
hydroxyproline have the saine specific activity after injection of 
proline-C%. Gerber et al. (14) recently reported that under 


2 —D. J. Prockop and 8S. Udenfriend, unpublished data. 
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similar circumstances they found free urinary hydroxyproline 
with a higher specific activity than the bound form, but we were 
unable to confirm their finding. Also, if the first component 
eame from the hydroxylation of free proline, it should be possible 
to reproduce it by the injection of labeled hydroxyproline. 
However, the radioactivity which appeared in the urine after 
injection of hydroxyproline-C™ was all in the free form of the 
imino acid, and it disappeared with a half-life of less than 0.5 
day. 

The second component of the excretion curves in the young 
rats has a half-life of 4.5 to 5.9 days; this is comparable to half- 
lives reported for liver proteins (2). Since the total amount of 
hydroxyproline-C" excreted by the 15-month-old rats was small, 
and since they received twice as much proline-C" as the younger 
rats, the rapid initial fall in specific activity is difficult to interpret 
in these animals. The half-lives of the third components in 
both the young and the old animals are similar to those reported 
for total tissue collagen by Neuberger et al. (2). 

A schematic representation of the way in which the urinary 
excretion of hydroxyproline-C™ may explain the degradation of 
various forms of collagen is presented in Fig. 8. Mitoma (15) 
has suggested that hydroxyproline arises from an “activated” 
form of proline, but for the reasons already cited, this is not 
likely to have contributed significantly to urinary hydroxypro- 
line-C“ in our experiments. If the hydroxyproline pools with 
rapid turnover rates are identical with soluble collagens, then 
the results indicate that soluble collagens are directly broken 
down to urinary hydroxyproline peptides. It is not clear 
whether insoluble collagen is also broken down directly to urinary 
hydroxyproline, since the same type of excretion curve would 
obtain if there were reversible relabeling of the soluble collagen 
pools (4). | 

The results presented here again emphasize the fact that many 
body proteins are not homogeneous, and that their heterogeneity 
must be taken into account in turnover studies. Although 
Neuberger et al. (2) and more recently Gerber et al. (16) showed 
that body collagen, taken as a whole, is metabolically inert, 
there appear to be small pools of collagen which are both synthe- 
sized and degraded rapidly. This finding confirms the general 
impression that although most collagen changes little over long 
periods of time, rapid degradation of collagen can occur in special 
situations such as in the post-partum uterus (17) and starvation 
(18). 


SUMMARY 


Proline-C' was injected into rats varying in age from 3 weeks 
to 2 years, and the specific activity of urinary hydroxyproline-C™ 
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was measured daily in each animal for several months. The 
changes in specific activity indicated the presence of at least 
three hydroxyproline pools in young rats. Two of the pools had 
half-lives of only 1 and 5 days, and a third showed a half-life of 
50 to 100 days. The excretion curves in the older animals 
showed less evidence of hydroxyproline pools with short half- 
lives, and most of the hydroxyproline-C™ was excreted with a 
half-life of about 300 days. The results suggest that, at least in 
the young animals, there are forms of collagen which are both 
synthesized and degraded rapidly. 


Acknowledgments—The authors are grateful for the advice and 
encouragement of Dr. Albert Sjoerdsma and Dr. Sidney Uden- 
friend throughout the course of this work. The authors are also 
grateful to Mrs. Beverly Peterkofsky, Mr. Malcolm Gefter, Mr. 
Jay Green, and Mr. Rodman Turner for invaluable technical 
assistance. 


REFERENCES 


. Procxop, D. J., UDENFRIEND, 8., AND LINDSTEDT, S., Federa- 
tion Proc., 19, 143 (1960). 

. NEUBERGER, A., PERRONE, J. C., AND Stack, H. G. B., Bio- 

chem. J., 49, 199 (1951). 

. HARKNESS, R. D., Marko, A. M., Murr, H. M., anp NeEv- 

BERGER, A., Biochem. J., 56, 558 (1954). 

. JACKSON, D.S., Biochem. J., 65, 277 (1957). 

STETTEN, M. R., J. Biol. Chem., 181, 31 (1949). 

. Mitoma, C., Smitu, T. E., FriepBERG, F., anp Rayrorp, 

C. R., J. Biol. Chem., 234, 78 (1959). 

. STEINBERG, D., Anal. Biochem., 1, 23 (1960). 

. Procxop, D. J., AND UDENFRIEND, S., Anal. Biochem., 1, 228 

(1960). 

. Procxop, D. J., UDENFRIEND, 8S., AND LINDSTEDT, 8., J. Biol. 
Chem., 236, 1395 (1961). 

. ZirF, M., Kiprick, A., DRESNER, E., AND Gripetz, H. J., 
J. Clin. Invest., 35, 579 (1956). 

. JACKSON, D. S., AND BENTLEY, J. P., J. Biophys. Biochem. 
Cytol., 7, 37 (1960). 


— 
—) 


12. NAGEOTTE, J., AND Guyon, L., Compt. rend. assoc. anat., 29, 
408 (1934). 

13. Kao, K. T., ann McGavack, T. H., Proc. Soc. Exptl. Biol. 
Med., 101, 153 (1959). 

14. GERBER, G. B., GERBER, G., AND ALTMAN, K. IL, Nature, 

7 (London), 185, 767 (1960). 

15. UDENFRIEND, S., WeIssBacH, H., aNnp Mitoma, C., in J. M. 
Luck (Editor), Annual review of biochemistry, Vol. 29, An- 
nual Reviews, Inc., Palo Alto, Calif., 1960, p. 207. 

16. GERBER, G., GERBER, G., AND ALTMAN, K. I[., J. Biol. Chem., 
235, 2653 (1960). 

17. HARKNEss, R. D., AnD Mora.eEsr, B. E., J. Physiol., 132, 502 
(1956). 

18. HaRKNEss, M. L. R., Harkness, R. D., ann James, D. W. 


J. Physiol., 144, 307 (1958). 


] 
2 
3 
4 
5 
6 
7 
8 
9 


Tue JOURNAL OF BIOLOGICAL CHEMISTRY 
Vol. 236, No. 5, May 1961 
Printed in U.S.A. 


The Proteins of Bovine Pancreatic Juice 


Ill. INCORPORATION JN VIVO OF C#-ARGININE INTO TRYPSINOGEN, 
CHYMOTRYPSINOGEN A, AND RIBONUCLEASE 


Patricia J. KELLER,* ELAINE COHEN, AND Hans NEURATH 


From the Department of Biochemistry, University of Washington, Seattle 5, Washington 


(Received for publication, November 25, 1960) 


In a recent investigation of the rate of incorporation of S*°- 
labeled cystine into bovine pancfeatic proteins it was found that, 
at all times after the injection of a single dose of the labeled amino 
acid, the specific radioactivity of cystine residues was the same 
in trypsinogen and chymotrypsinogen A but was different in 
ribonuclease (1). Since in these experiments the time interval 
between collection of samples of pancreatic juice (60 minutes) 
was large, relative to the turnover time of these proteins (about 
160 minutes), it was deemed of interest to repeat these studies 
and to focus attention on the first hour after administration of 
the label. As a further variation, C'-arginine was used instead 
of S*>-cystine. The present data confirm the earlier observation 
that the proteolytic zymogens are labeled at equal rates and that 
this is faster than the rate of labeling of ribonuclease. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


A yearling steer was operated, as described previously (2, 3), 
for the purpose of insertion of a pancreatic fistula. One milli- 
curie contained in 20 mg of C'-arginine was dissolved in 50 ml of 
Ringer-lactate solution and the solution was injected into the 
jugular vein of the operated animal. 

As in previous experiments, the pancreatic juice was collected 
directly into ice-chilled vessels containing 1 ml of 0.2% solution 
of soybean trypsin inhibitor at pH 8.0. The cationic proteins, 
trypsinogen, chymotrypsinogen A, and ribonuclease were isolated 
by means of the chromatographic procedures described earlier 
(1, 2). The fractions comprising the respective protein peaks 
were combined and lyophilized. Salt was eliminated by dialysis 
versus 0.001 m HCl and the salt-free powders were lyophilized. 
The isolated proteins were hydrolyzed with 6 Nn HCl for 18 hours 
at 110° in sealed, evacuated tubes and the hydrolysates were 
freed of excess acid by three successive evacuations over NaOH. 

The isolation of arginine from the hydrolysates was based on 
the procedure of Haugaard and Haugaard (4) for the desalting of 
peptides. The hydrolysates were applied to a column of Dowex 
50 in the ammonium form and the columns washed with dilute 
acetic acid. Elution was begun with 0.5 Mm NH,OH and fractions 
of 2-ml volume were collected. Most of the amino acids were 
eluted immediately after the pH had become alkaline, whereas 
arginine was retained by the resin and required greater volumes 
of ammonium hydroxide for elution. This is illustrated in Fig. 1, 
which presents the elution diagram obtained with a hydrolysate 


* Senior Research Fellow of the National Institutes of Health. 


from 1.9 mg of chymotrypsinogen A. In this experiment, alter. 
nate fractions were taken to dryness in a vacuum oven and freed 
of ammonia with sodium bicarbonate (5). The amounts of 
amino acid in the respective fractions were determined by the 
ninhydrin reaction. In subsequent work, where it was desired 
to use as much as possible of the salt-free arginine for radioactiy- 
ity determinations, aliquots (0.1 ml) of the fractions were spotted 
onto filter paper and the position of arginine was localized by 
means of the Sakaguchi test. The remaining volumes of those 
fractions which contained arginine were combined and taken to 
dryness twice in a vacuum oven at 35°. 

The purity of arginine isolated in this way was established by 
examination in a two-dimensional system for the separation of 
amino acids on paper (6). In all cases, arginine isolated from the 
Dowex 50 columns presented a single band positive to either the 
ninhydrin reagent (7) or the Sakaguchi reagent (8). An identical 
band was obtained with samples of known arginine. 

For purposes of radioactivity determinations, arginine, isolated 
as described above, was plated onto polyethylene disks which 
were inounted on aluminum planchets placed inside planchet- 
holders of the automatic sample changer. Each sample was 
counted to within a standard deviation of 1% by means of a gas- 
flow counter, model D-47, as described earlier (1). For subse- 
quent chemical analysis of the arginine with the ninhydrin re- 
agent, the polyethylene disks were transferred directly to test 
tubes. Adventitious ammonia was removed by covering the 
disks with a dilute solution of sodium bicarbonate and taking the 
samples to dryness. 


RESULTS 


Pancreatic juice was collected at 15-minute intervals during the 
first hour after administration of labeled arginine, and thereafter 
at intervals of 30 or 60 minutes. The volumes of juice and the 
protein concentrations of each sample are shown in Table I. Ap- 
proximately 500 mg of protein were secreted per hour over 
period of 6 hours. 

Attention was focused on the samples of pancreatic juice col- 
lected during the first hour and one sample collected near the 
anticipated time of maximal labeling. The cationic proteins, 
trypsinogen, chymotrypsinogen A, and ribonuclease, were 1s0- 
lated from each of these samples and the specific radioactivity of 
the arginine residues in each protein was measured. The results 
are shown in Table II. 

There was a lag in the appearance of radioactive protein in the 
pancreatic juice such that the sample collected at 15 minutes con- 
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Fic. 1. Isolation of arginine from an acid hydrolysate of chymo- 
trypsinogen A. Experimental details are presented in the text. 


TABLE I 


Volumes and protein concentration of pancreatic juice 


min ml mg/ml mg/interval me/hr 
0-15 8.0 10.3 82.4 
15-30 9.0 10.1 90.9 
30-45 6.2 4.1 25.4 
45-60 24.0 8.4 202.0 (400) 
60-90 25.0 7.7 193 
90-120 49.0 9.2 451 (644) 
120-140 16.0 8.8 141 
140-180 35.0 8.2 287 (428) 
180-240 78.0 6.7 523 
240-300 68.0 6.6 449 
300-360 58.0 7.3 423 


* Estimated from optical density at 280 my, taking E}%m = 20. 


TABLE II 


Specific radioactivities of arginine in bovine pancreatic proteins 


Time 


Specific radioactivity (c.p.m./smole arginine) 


Trypsinogen Ribonuclease 
min 
0-15 
15-30 354 394 35 
30-45 4200 4574 501 
45-60 2052 2177 534 
120-140 6580 6905 3322 


* Not enough material for accurate measurements. 
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tained too little radioactive arginine for accurate measurements. 
The specific radioactivities of the arginine residues increased dur- 
ing the next 30 minutes, decreased in the trypsinogen and chymo- 
trypsinogen A secreted between 45 and 60 minutes, and increased 
again, thereafter reaching a maximum only after 2 hours. 


DISCUSSION 


The amino acid composition of each of the three. pancreatic 
proteins, trypsinogen, chymotrypsinogen A, and ribonuclease, is 
well established (9-11). Trypsinogen contains two arginine resi- 
dues per molecule whereas chymotrypsinogen A and ribonuclease 
each contain four. In the case of ribonuclease (12) and chymo- 
trypsinogen A,! both the sequential environment and the position 
of each of the four residues is known; however, the position of the 
two arginine residues in trypsinogen has not yet been established.” 
Because the amounts of labeled proteins collected in the early 
time periods were small, no attempt was made to isolate the in- 
dividual arginyl peptides and, hence, the present measurements 
refer to the mixed arginine residues from each protein. 

The specific radioactivities of the mixed arginine residues were 
the same in all samples of trypsinogen and chymotrypsinogen A 
secreted during the first hour after administration of C“-arginine. 
The present data confirm and extend the observations of earlier 
experiments with S*5-cystine in which the time intervals between 
collection of samples were larger. The findings are consistent 
with the view that these proteolytic zymogens are synthesized at 
proportional rates from common intermediates and are trans- 
ported at proportional rates from their sites of synthesis to the 
pancreatic Juice. Ribonuclease, however, differed from the zy- 
mogens in the present, as in earlier, experiments. There was a 
greater lag in the appearance of labeled ribonuclease in the pan- 
creatic juice, and the specific radioactivity of arginine residues 
was at all times lower in ribonuclease than in the zymogens. 

The explanation for the unusual shape of the radioactivity- 
time curve of the zymogens—17z. an initial rise followed by a de- 
crease and again a rise, is obscure, although it would seem to re- 
flect some disturbance in the steady state. It is noteworthy that 
despite this apparent anomaly, the specific radioactivities of ar- 
ginine residues in the zymogens are at all times the same, and 
higher than that of the residues from ribonuclease. 

The biosynthesis of ribonuclease and chymotrypsinogen A has 
been recently studied in other species by workers who have fol- 
lowed the labeling in vivo of the proteins isolated from several cell 
fractions. Morris and Dickman (13) found that the ribonu- 
clease of the microsomes of mouse pancreas became labeled first 
and that this was followed in turn by “‘soluble” ribonuclease and 
by ribonuclease of the zymogen granules. Siekevitz and Palade 
(14) followed the labeling of chymotrypsinogen A in guinea pig 
pancreas and suggested that the zymogen is synthesized in or on 
the ribonucleoprotein particles of the endoplasmic reticulum. 
Thus, the findings of both groups implicate the endoplasmic 
reticulum, or its attached particles, as the site of biosynthesis of 
the pancreatic proteins. However, Morris and Dickman suggest 
that the newly synthesized protein may pass through the soluble 
fraction of the cell before segregation into granules, whereas 
Siekevitz and Palade suggest that the nascent protein is trans- 
ferred directly across the membrane into the cavities of the endo- 
plasmic reticulum where, subsequently, it is packaged as a gran- 


1 Personal communication from Dr. Brian 8S. Hartley. 
2 The amino acid sequence of bovine trypsinogen is being deter- 
mined in this laboratory by Dr. K. A. Walsh and co-workers. 
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ule. The apparent discrepancy between these two hypotheses 
may be caused by species differences. However, our experiments 
show that, within the bovine gland, the history of the proteolytic 
zymogens is in some way different from that of ribonuclease. 
Thus, it may be that both sequences of transport discussed above 
occur in the acinar cell, with trypsinogen and chymotrypsinogen 
being processed parallely by the scheme outlined by Siekevitz 
and Palade (14) whereas ribonuclease is handled, in part at least, 
by the scheme of Morris and Dickman (13). Reports that 
ribonuclease is distributed more diffusely in bovine acinar cells 
than the proteolytic zymogens would be consistent with this sug- 
gestion (15). 

An alternate explanation for the difference in labeling of ribo- 
nuclease and the zymogens might be that ribonuclease is synthe- 
sized from intermediates which are not common to the synthesis 
of the zymogens. Some support for the existence of intermedi- 
ates in the biosynthesis of bovine ribonuclease comes from the 
data of Vaughan and Anfinsen (16). Although the present ex- 
periments yield no direct information on this point, the fact that 
the specific radioactivities of the mixed arginine residues were the 
same in trypsinogen and chymotrypsinogen A suggests that the 
specific activities of the individual residues were also the same in 
each protein. There is, thus, no indication in the present experi- 
ment of nonuniform labeling within the zymogen molecules. 

It has been suggested that the lag in appearance in labeled 
ribonuclease might relate to an apparently greater affinity of the 
pancreatic ribonucleoprotein particles (ribosomes) for ribonu- 
clease than for the proteolytic zymogens (17). Ribosomes from 
bovine pancreas do contain trypsinogen, chymotrypsinogen A, 
and ribonuclease and, whereas the absolute amounts of protein 
present on the ribosomes are greater in the case of the zymogens 
as compared to ribonuclease, the amount of ribonuclease bound 
to the ribosomes constitutes a greater proportion of the total 
cellular ribonuclease than do the zymogens (18). 


SUMMARY 


The incorporation of C'-arginine into the cationic proteins of 
bovine pancreatic juice, trypsinogen, chymotrypsinogen A, and 
ribonuclease, was investigated by methods previously described 
(1), with particular emphasis on the initial rates of incorporation. 

The specific radioactivities of arginine residues were the same 
in trypsinogen and chymotrypsinogen A at all time periods, but 
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were always lower in ribonuclease. The significance of these data 


is considered in the light of current theories of synthesis in vivo | 


and transport of pancreatic proteins. 
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The relationship between the secretory granules of pancreatic 
acinar cells and the digestive enzymes produced by the gland has 
been under investigation for many years. The earlier studies 
have been reviewed by Babkin (2), Thomas (3), and by Junqueira 
and Hirsch (4). In recent years, the most direct information 
concerning the enzymic content of zymogen granules has come 
from studies of granules isolated by differential centrifugation. 
Hokin (5) isolated zymogen granules from dog pancreas and 
found them to contain amylase, lipase, and protease activities 
with higher specific enzymic activities in the isolated granules 
than in the whole homogenate. Siekevitz and Palade (6, 7) iso- 
lated zymogen granules from guinea pig pancreas and found that, 
especially in fasting animals, the proteolytic zymogens and ribo- 
nuclease were concentrated in this cell fraction. In the present 
study the enzymic composition of several subcellular components 
of bovine pancreatic acinar cells, including zymogen granules, 
microsomes, and ribosomes,! has been analyzed and compared 
with the composition of bovine pancreatic juice (9). The re- 
sults are considered in terms of the biosynthesis and transport 
of the digestive enzymes and zymogens of the pancreas. 


EXPERIMENTAL PROCEDURE 


Cell Fractionation 


Preparation of Homogenate—Through the cooperation of the 
James Henry Packing Company in Seattle, Washington, bovine 
pancreas glands were removed as soon as possible after slaughter 
of the animals and immersed immediately in a cold solution of 
sucrose (0.88 M) containing S.T.I.? (0.02%). All subsequent pro- 
cedures were carried out in the cold (at about 4°). The glands 
were trimmed of gross fat and connective tissue and either proc- 
essed immediately or held frozen in the sucrose-S.T.I. solution. 
The tissue was minced by hand and homogenized in a homoge- 
nizer of the Potter-Elvehjem type (pyrex glass tube with Teflon 
pestle). Ten milliliters of solvent (0,88 M sucrose containing 0.2 
mg per ml of S.T.I.) were used per gram of minced pancreas. 

Preparation of Zymogen Granules—The homogenate was cen- 
trifuged at 500 x g for 15 minutes and the pellet of cellular debris 
and nuclei was discarded. Zymogen granules were isolated from 


* Parts of these data have been reported before the American 
Society of Biological Chemists (1). 

tf Senior Research Fellow of the National Institutes of Health. 

'In accordance with the suggestion made at the First Sym- 
posium of the Biophysical Society, on Microsomal Particles and 
Protein Synthesis (8), the term ‘‘ribosome”’ is used to designate 
the ribonucleoprotein particles of the microsomal fraction. 

* The abbreviations used are: DOC, deoxycholate; S.T.I., the 
trypsin inhibitor from soybeans (10). 


the supernatant fluid by the procedure of Siekevitz and Palade 
(11), which consists of an initial isolation of granules mixed with 
mitochondria and subsequent fractionation of the mixture by 
means of a discontinuous density gradient. 

Microsomes—Microsomes were isolated from the supernatant 
fluid after removal of zymogen granules and mitochondria by 
centrifugation for 60 minutes at 105,000 x g. The pellet was 
resuspended in one-half the original volume of 0.88 m sucrose 
containing 0.02% 8.T.I., and centrifuged at 25,000 x g for 30 
minutes to remove the heavier particles. The microsomes which 
were collected by repeating the centrifugation at 105,000 x g 
for 60 minutes were designated “‘washed microsomes.” 

Microsomal Sub-fractions—It is known that sodium DOC will 
dissolve the microsomal membrane (12) and that, thereafter, the 
material formerly contained within the membrane can be sep- 
arated by differential centrifugation from the ribonucleoprotein 
particles which formerly studded the membrane (7). In our 
studies on the subcellular fractions from bovine pancreas, micro- 
somes have been treated with sodium DOC under a variety of 
experimental conditions and the events have been studied by 
means of the analytical ultracentrifuge. These observations will 
be published separately. In the present experiments the micro- 
somal sub-fractions were prepared as follows, unless otherwise 
specified. Sufficient sodium DOC to achieve a final concentra- 
tion of 0.01 m was dissolved directly in a solution of 0.25 m sucrose 
containing 0.02% 8.T.I. Two milliliters of the above solution 
were added to each pellet of washed microsomes (containing ap- 
proximately 12 mg of ribonucleoprotein) and the pellet was dis- 
persed by means of a Potter-Elvehjem homogenizer. The 
mixture was centrifuged at 127,000 x g for 4 hours. The super- 
natant fluid from this was held at 0° as the pellet was resuspended 
in one-half the original volume of the sucrose-S.T.I. solution and 
again centrifuged at 127,000 x g for four hours. The superna- 
tant fluid from the wash was added to the original supernatant 
fluid; together they comprise the fraction designated DOC- 
soluble. The washed pellets containing the ribonucleoprotein 
particles comprise the fraction designated DOC-sedimentable, or 
ribosomes. 


Chromatography 


The chromatographic procedures used in this study were de- 
scribed in previous publications (9, 13). For the cationic pro- 
teins, the carboxylic acid resin, AG CS-101 (200 to 400 mesh), 
purchased from Bio-Rad Laboratories, was used. This resin is 
equivalent to the Rohm and Haas Company resin, XE-64, except 
that it was sieved commercially. The anionic components were 
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resolved by means of the ion exchange adsorbent, DEAE-cellu- 
lose, purchased from Brown Company (Reagent Grade, type 20). 
The respective cell fractions were prepared for chromatography 
as described below. 

Zymogen Granules—After centrifugation of zymogen granules 
against a discontinuous density gradient, the granules were con- 
centrated asa milky suspension in the layer of 1.52 M sucrose (11). 
Approximately one-half of the suspension was withdrawn from 
the middle of that layer by means of a bent-tip pipette, care being 
taken to avoid the material concentrated at the interfaces. The 
major portion of this suspension was dialyzed against potassium 
phosphate buffer (0.005 mM, pH 8.0). During dialysis the milky 
suspension became almost completely clear, in agreement with 
the observations of Hokin (5) on the dissolution of zymogen gran- 
ules in distilled water and in solutions more alkaline than pH 7.2. 
The small residual turbidity was probably caused by insoluble 
membranous material which was found by Greene (14) to com- 
prise 5° of the protein nitrogen of the zymogen fraction from 
bovine glands. The dialyzed solution was applied without fur- 
ther treatment to a column of DEAE-cellulose (0.9 « 59 cm) 
and the column developed as described (9). 

Washed Microsomes—Washed microsomes were resuspended in 
0.25 m sucrose-0.01 M sodium DOC (0.8 ml per gram of pancreas 
fractionated). At 0°, two volumes of 0.01 mM H2SO, acid was 
added slowly and with good mixing. The pH was usually about 
4.0, and was adjusted to pH 2.1 by the dropwise addition of 0.1 
MHCI. After 16 hours at 0°, the suspension was centrifuged and 
the supernatant fluid dialyzed against several changes of 0.001 m 
HCl, and lyophilized. 

Ribosomes—Ribosomes were resuspended in 0.25 mM sucrose (0.3 
ml per gram of pancreas fractionated) and the pH was adjusted 
from 6.0 to 2.1 by the dropwise addition of 0.1 m HoSO,. After 
16 hours at 0°, this suspension was centrifuged and the super- 
natant fluid was dialyzed and lyophilized as described above for 
washed microsomes. 

The lyophilized powders from microsomes or ribosomes were 
taken up in potassium phosphate buffer (0.005 mM, pH 8.0) and 
the pH was adjusted to 8.0. In the case of the microsomes, a 
precipitate of inert protein formed during neutralization and this 
was removed by centrifugation. No precipitate formed during 
neutralization of the extract from ribosomes. The neutralized 
solutions were applied to columns of DEAE-cellulose and chro- 
matography was carried out in the usual way (9). The material 
emerging in the breakthrough peak was collected directly into a 
dilute solution of S.T.I. (0.05 ml of a 0.1% solution was added to 
each of the first 15 collecting tubes). Subsequently the cationic 
proteins were resolved on CS-101. 


Assays 


Details concerning enzymic assays were described in a previous 
communication (9), with the following exception. Trypsinogen, 
isolated from microsomes or ribosomes, was activated by the en- 
zyme trypsinogen-kinase from taka-diastase, described by Naka- 
nishi (15). The advantages over the autocatalytic activation 
(10) are that the reaction proceeds in acid solution (pH 3.5) and 
with dilute solutions of trypsinogen. For estimation of the pro- 
tein and nucleic acid contents, the respective cell fractions were 
treated with trichloroacetic acid at a final concentration of 10% 
and allowed to stand for 30 minutes at 0°. The flocculent pre- 
cipitate was collected by centrifugation and washed once with a 
5% solution of trichloroacetic acid. The washed pellet was re- 
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suspended in a 10% solution of NaCl in pH 5 acetate buffer and | 


heated at 85° for 15 minutes (16) for the purpose of extracting 
the nucleic acid (cf. also 17, 18). Nucleic acid was measured by 
the orcinol test (19) with the use of veast RNA purified by the 
Frisch-Niggemeyer and Reddi method as standard (20). Pro. 
tein was measured on the residue from the extraction by the 
Lowry procedure, with the use of chymotrypsinogen A as a stand- 
ard (21). 


RESULTS 


Zymogen Granules 


Fig. 1 shows the elution diagram obtained upon chromatog. 
raphy of the proteins of bovine zymogen granules on DEAE. 
cellulose. The profile is similar to that obtained when the pro- 
teins of bovine pancreatic juice were examined under the same 
conditions (9). In both cases, a large breakthrough peak 
emerged immediately after displacement of the hold-up volume 
of the column. This was followed in both cases by a series of 
anionic proteins which were resolved by means of a linear concen- 
tration gradient. 

In the earlier studies of the proteins of pancreatic juice, eight 
anionic proteins were resolved and the enzymatic properties of 
six of these were established (9). The identities and the relative 
proportions of the respective components of pancreatic juice are 
included in Table I for comparison with those from the zymogen 
granules. In the present experiment three of the major proteins 
were examined enzymically and the chromatographic peaks cor- 
responding to procarboxypeptidases A and B and to chymotryp- 
sinogen B were localized. These are designated by an asterisk in 
Table I. The enzymic identities assigned to the other compo- 
nents of the zymogen granules are based on their correspondence 
in the spectrum of eluted proteins to a known component of the 
juice. 

The relative proportions shown in Table I were estimated from 
the summed absorbancies at 280 my of the fractions comprising 
a peak and the total absorbancy recovered from the column. In 
the case of pancreatic juice, the absorbancy recovered from col- 
umns of DEAE-cellulose was about equal to that applied. How- 
ever, in the case of zymogen granules only 65% of the absorbancy 


ELUTION DIAGRAM OF ZYMOGEN GRANULES ON DEAE-CELLULOSE 
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Fic. 1. Elution diagram showing the chromatographic resolu- 
tion of the anionic proteins of bovine zymogen granules. The 
conditions of the experiment and identification of the components 
are given in the text. 
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at 280 mu was recovered. It is likely that the discrepancy is 
caused in part by the slight turbidity of the solution of granules 
applied to the column, but it might represent some material which 
was irreversibly adsorbed to the cellulose derivative, such as the 
membranous material described by Greene (14). 

The first peak which emerged after starting gradient elution of 
the anionic proteins of zymogen granules had a higher absorbancy 
at 260 my than at 280 mu. It does not correspond to any com- 
ponent of pancreatic juice and is designated as ‘‘zero.”’ In all 
other respects the anionic proteins of the zymogen granules cor- 
respond closely to those of pancreatic juice. 

The breakthrough peak from the DEAE-cellulose column was 
analyzed on a column of the carboxylic acid resin, AG CS-101. 
Approximately equal amounts of trypsinogen and chymotryp- 
sinogen A were recovered. Elution was not carried far enough 
in this experiment to recover RNase. However, the presence of 
RNases A and B was demonstrated by Greene in an independent 
study of the protein composition of bovine zymogen granules.’ 


Microsomes 


Pancreatic microsomes are a complex mixture of structural as 
well as enzymic protein (6) and a chromatographic analysis of the 
enzymic proteins of microsomes is complicated by the hetero- 
geneous nature of this cell fraction. However, many of the di- 
gestive enzymes and zymogens of the pancreas are stable to acid 
and tolerate exposure to pH 2. Indeed the classical procedures 
for preparing trypsinogen, chymotrypsinogens A and B, RNase, 
and DNase entail extraction of the pancreatic tissue with 0.25 N 
H.SO, (10). Accordingly, in the present investigation, micro- 
somes were extracted with dilute H.SO, and the enzymic com- 
position of the extracts was studied. It was established in control 
experiments that acid extracts of washed microsomes contained 
greater than 90% of the chymotrypsinogen present in the entire 
microsomal fraction solubilized by DOC. The same extracts 
contained only 18% of the microsomal protein. Thus, the pro- 
cedure results in a fivefold enrichment of the acid-stable enzymes 
and zymogens of whole microsomes. 

Fig. 2 presents a composite chromatographic profile of the en- 
zymic proteins contained in acid extracts of pancreatic micro- 
somes. Those components whose enzymic properties were iden- 
tified are shaded in the diagram to differentiate them from the 
unknown material. 

The anionic components included a peak which emerged imme- 
diately after elution of the breakthrough peak and which had a 
higher absorbancy at 260 my than at 280 mu. It has not been 
found to be a constant component of acid extracts of pancreatic 
microsomes and, hence, has not been characterized. The other 
anionic components were found to correspond in enzymic and 
chromatographic properties to chymotrypsinogen B and DNase. 
The cationic components, trypsinogen and chymotrypsinogen A, 
were followed by a large peak of material with a higher absorb- 
ancy at 260 mu than at 280 mu. RNase was not resolved in the 
experiment represented by Fig. 2 but was demonstrated in subse- 
quent experiments described in a later section of this paper. 


Microsomal Sub-fractions 


Palade and Siekevitz (12) have shown that pancreatic micro- 
somes are derived from the rough surfaced regions of the endo- 
plasmic reticulum of acinar cells. During homogenization, the 


* Personal communication from L. J. Greene. 
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TABLe I 


Anionic protein components of bovine pancreatic juice 
and zymogen granules 


[Recovered absorbancy 


Peak Identity 
Pancreatic Zymogen 
juice granules 
| | 
Breakthrough Cationic proteins 33.0 
0 t ee. 4.8 
1 Carboxypeptidase B | 3.0 2.0 
2 *Chymotrypsinogen B | 16.0 9.3 
3 *Procarboxypeptidase 4.0 4.0 
4 Deoxyribonuclease 2.5 
Xi ‘| 
6 Xx, 10.0 8.0 
7+ 8 *Procarboxypeptidase A 19.0 21.0 
86.5 84.6 


* The meaning of the asterisks is given in the text. 
+ Not present in pancreatic juice. 


PROTEINS OF ACID- EXTRACT OF PANCREATIC MICROSOMES 
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Fic. 2. Composite diagram of the cationic and anionic proteins 
present in acid extracts of pancreatic microsomes. In this ex- 
periment 63% of the total absorbancy applied to the column of 
DEAE-cellulose emerged as a breakthrough peak. The composite 
diagram does not show the breakthrough peak as such; rather, it 
presents the pattern obtained upon subsequent chromatography 
of the cationic material on CS-101. The fraction numbers shown in 
the diagram refer to the fractions collected after displacement of 
the breakthrough peaks. The absorbancy of each fraction was 
corrected for the base-line absorbancy, the value of which was low 
at all times except in the later stages of cation chromatography 
(see text). 


membrane of the endoplasmic reticulum is fragmented and be- 
comes the microsomal membrane. The contents of the endo- 
plasmic reticulum are retained within the microsomal membrane 
and the ribonucleoprotein particles, or ribosomes, remain at- 
tached to the membrane. Sodium DOC will dissolve the micro- 
somal membrane, thereby releasing both the ribosomes and the 
microsomal contents. The ribosomes can then be isolated by 
differential centrifugation as the sedimentable sub-fraction, 
whereas the microsomal contents remain in the soluble sub-frac- 
tion after DOC treatment (7). 
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In the present work the distribution of microsomal protein and 
RNA as well as several enzymes and zymogens was followed dur- 


ing fractionation of microsomes. 
Distribution of Protein and RN A—Protein and RNA were 


TaBLe II 
Distribution of protein and RNA in microsomal sub-fractions 


Protein RNA 
mg/g tissue 
2.90 1.82 
1.48 (51%) 0.11 (6%) 
DOC-sedimentable (ribosomes).| 1.13 (39%) 0.91 (50°%) 
2.61 (90%) 1.02 (56%) 


TaBLe III 


Comparison of protein precipitated by trichloroacetic acid and by 
dilute sulfuric acid at pH 2 


Protein precipitated 
Trichl 
acetic acid) PH2 
mg/g tissue 
1.48 0.88 | 0.60 (40%) 
DOC-sedimentable (ribosomes)...| 1.13 0.91 0.22 (27%) 


CHROMATOGRAPHY OF CATIONIC PROTEINS AT pHS.8 
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Fic. 3. Elution diagrams obtained from chromatography of 
acid extracts of microsomes (upper) and of ribosomes (lower) with 
the cation exchange resin CS-101 at pH 5.8. Details of the experi- 
ment are given in the text. 
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measured on 10% trichloroacetic acid precipitates of each of the 
following fractions: (a) whole microsomes, (6) the DOC-soluble 
fraction, and (c) the DOC-sedimentable or ribosomal fraction, 
The data, which are presented in Table II, show that 51% of the 
microsomal protein was soluble after DOC treatment, whereas 
39% was contained in the sedimentable fraction. Ninety per 
cent of the protein contained in whole microsomes was recovered 
in the sub-fractions. Recovery of RNA was low in the trichloro- 
acetic acid precipitates (56%) (cf. (22)) but most of the recovered 
RNA was contained in the DOC-sedimentable fraction. The 
ribosomes are thus richer in RNA than the microsomes. 

Protein determinations made on trichloroacetic acid precipi- 
tates can be considered to measure the total protein of a fraction, 
enzymic as well as structural, whereas determinations on the 
precipitates formed at pH 2 exclude those enzymic proteins which 
are soluble at pH 2. Thus, a comparison of the data obtained 
from trichloroacetic acid and pH 2 precipitates, respectively, af- 
fords a basis for estimating the proportion of enzymic protein 
contained in any fraction. Such a comparison is presented in 
Table III. Since the pH 2 precipitates of both microsomes and 
ribosomes contained 27% less protein than the trichloroacetic 
acid precipitates, this can be taken as a tentative estimate of the 
proportion of acid-stable enzymic protein, contained in these frac- 
tions. It might be considered a minimal figure for the total 
enzymic protein since several of the pancreatic zymogens are un- 
stable to acid and might not be extracted at pH 2. 

Distribution of Enzymes and Zymogens—In preliminary experi- 
ments the distribution of chymotrypsinogen and RNase during 
sub-fractionation of microsomes was followed by means of en- 
zymic assay. All enzymic hydrolysis of the synthetic substrate, 
acetyl-L-tyrosine ethyl ester, was considered to be caused by 
chymotryptic activity and all hydrolysis of RNA was ascribed to 
RNase. Of the total chymotrypsinogen present in unfraction- 
ated microsomes, 81% was recovered in the DOC-soluble fraction 
and 16% was recovered in the sedimentable or ribosomal fraction. 
However, RNase had a different apportionment—wvz. 57% in the 
soluble sub-fraction and 29% in the sedimentable sub-fraction. 
Thus, a greater proportion of microsomal RNase was bound to 
the ribosomes than was microsomal chymotrypsinogen. 

A similar disproportionate distribution was noted in subsequent 
experiments where acid extracts of microsomes and ribosomes 
were examined chromatographically. Washed microsomes were 
isolated from 90 g of pancreas. One portion, equivalent to 30 g 
of gland, was held as unfractionated microsomes; the remainder 
was used to prepare ribosomes. Both fractions were extracted at 
pH 2 and the extracts were prepared for chromatography. 

Two chromatographic systems were used in these experiments: 
the standard procedure at pH 5.8 for resolution of trypsinogen 
and chymotrypsinogen A, and the procedure of Hirs et al. (23) 
at pH 6.47 for chromatography of RNase.‘ Fig. 3 presents the 
elution diagrams obtained from chromatography at pH 5.8. 
The upper diagram refers to the acid-extract of unfractionated 
microsomes, the lower diagram to the acid-extract of ribosomes. 
Identification of the respective components was based on their 


4 In earlier experiments, trypsinogen, chymotrypsinogen A, and 
RNase were recovered from a single chromatographic column at 
pH 5.8 by means of a linear concentration gradient (13). How- 
ever, a large effluent volume was required to elute RNase under 
these conditions. Since the amounts of RNase in the present ex- 
periment were so small as to require localization by enzymic assay, 
it was desirable to use a different system wherein RNase would 
emerge in a smaller effluent volume. 
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enzymic properties after activation. The S8.T.1. had been added 


~ at an earlier stage as a precaution against spontaneous activation 


of the zymogens. a 

Fig. 4 shows the patterns obtained when chromatography was 
carried out at pH 6.47. The amounts of acid extract of micro- 
somes and ribosomes, respectively, were the same as were used 
in the experiment at pH 5.8. Each fraction collected during this 
experiment was tested for absorbancy at 280 my and for RNase 
activity. The zymogens trypsinogen and chymotrypsinogen A 
are not resolved under these conditions, but emerge as a single 
peak between 8 and 18 ml of effluent volume. RNase is eluted 
from the column after the zymogens have been displaced. 

It is interesting to note that the peak of RNase in the micro- 
somal extract exhibits a shoulder made up of material eluted 
earlier than the main peak. In the ribosomal extract no such 
shoulder was observed. Under the same conditions of chro- 
matography, crystalline RNase purchased from Worthington 
Biochemical Corporation showed a major peak at 19 ml anda 
minor peak at 15 ml. Presumably these correspond to the A and 
B forms respectively of RNase as described by Hirs et al. (23). 
Although the results of the present experiment suggest that only 
one form of RNase is present at the ribosomal level, a more ex- 
tensive investigation would be required for a final judgment. In 
both the microsomal and ribosomal chromatograms, fractions up 
to 70 ml effluent volume were assayed and no additional RNase 
activity was detected. Recovery of the activitv was 92% in the 
ease of the microsomal extract and 87% in the case of the ribo- 
somal extract. 

Table 1V shows the relative amounts of trypsinogen, chymo- 
trypsinogen A and RNase which were found in the microsomal 
and ribosomal extracts. The amounts of trypsinogen and chy- 
motrypsinogen A were estimated from the summed absorbancies 
of the respective peaks and the known extinction coefficients of 
these proteins; RNase was estimated by assay by the method of 
Dickman et al. (24) at pH 5.0. The data are expressed in terms 
of the starting tissue—vz. as the number of mg of enzyme or zy- 
mogen in the respective cell-fractions prepared from 90 g of pan- 
creas, and also in terms of the percentage of each microsomal en- 
zyme or zymogen which remained bound to the ribosomes during 
sub-fractionation. In parentheses are presented the proportions 
which each component comprises of the total cationic protein of 
that cell-fraction. Thus, trypsinogen, chymotrypsinogen A and 
RNase comprise 45, 40, and 14%, respectively, of the total cat- 
ionic proteins present in acid extracts of the microsomal fraction. 
The composition of the extracts is similar to that reported earlier 
for pancreatic juice—viz. 46% trypsinogen, 44% chymotrypsin- 
ogen A,and 10% RNase. Extracts of the ribosomes derived from 
the same batch of microsomes had a somewhat different composi- 
tion, with trypsinogen comprising 50% of the total cationic 
protein whereas chymotrypsinogen A accounted for only 31% and 
RNase 19%. Thus, relatively more microsomal RNase (43%) 
than microsomal chymotrypsinogen (25%) or trypsinogen (36 %) 
followed the ribosomes through fractionation of microsomes. 

Distribution of Exogenous Protein—An experiment was under- 
taken to test the ability of ribosomes to bind protein from the 
medium during the DOC reaction. Washed microsomes from 18 
g of tissue were resuspended in 0.25 M sucrose—0.02% S.T.I. con- 
taining sodium DOC (0.01 m). Chymotrypsinogen A, labeled 
in vivo with C'-arginine (25) was added to the mixture. The 
amount of labeled chymotrypsinogen added was approximately 
twice the amount of endogenous microsomal chymotrypsinogen. 
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CHROMATOGRAPHY OF CATIONIC PROTEINS AT pH6.47 


i \ Microsomes 1.0 
\ 
80- 0.8 
\ 
60- 06 
8 2 6 10 14 18 22 26 30 s 
100- 1.0 8 
Ribosomes 
S S 
= 60- \ -0.6 
40- -0.4 
20- 
/ 


2 6 10 14 18 22 26 30 
Effluent Volume (mi.) 

Fig. 4. Elution diagrams obtained from chromatography of 
acid extracts of microsomes (upper) and ribosomes (lower) with 
CS-101 at pH 6.47. The solid line refers to the amounts of RNase 
estimated by assay, the dashed line to the absorbancy at 280 mu. 
Details are given in the text. 


TABLE IV 

Enzyme protein in sub-cellular fractions from pancreas 
Microsomal 
Microsomes Ribosomes ll 
ribosomes 

mg in fraction prepared from o 

90 g of pancreas te 

Trypsinogen..............| 12.5 (45)* | 4.5 (50) 36 

Chymotrypsinogen A....... 11.0 (40) 2.8 (31) 25 

Ribonuclease............... 4.0 (14) 1.7 (19) 43 


* The numbers in parentheses present the proportion which 
each component comprises of the total cationic protein of that 
cell fraction. 


One-half of the mixture was held as unfractionated. microsomes; 
the other half was separated by centrifugation into DOC-soluble 
and DOC-sedimentable sub-fractions. Each sub-fraction and 
the remaining unfractionated microsomes were extracted at pH 
2 with dilute H,SO, and the acid extracts were dialyzed and lyo- 
philized. The powders were dissolved in a small volume (0.25 
ml) of formic acid and three aliquots of each were plated for de- 
termination of radioactivity. No self-absorption occurred under 
the conditions used. 

The distribution of labeled protein in this experiment is shown 
in the upper row of Table V. Twenty-six per cent of the radio- 
activity added during the DOC reaction was found in the sedi- 
mentable or ribosomal fraction, indicating that pancreatic ribo- 
somes can incorporate exogenous protein during their isolation 
and that such protein is not removed by a sucrose wash. 
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TABLE V 
Distribution of C'*-chymotrypsinogen added to medium 
| 


Experiment | Microsomes DOC-soluble 
c.p.m. 
| 
(C'4-chymotrypsinogen) 6051 3524 1557 
| (587%) (26%) 
II-a 
(C!4-chymotrypsinogen) 9340 5219 2312 
(56%) (25% 
II-b | 
(followed by C!?-chymotryp- | 9340 6109 1607 
sinogen) (65%) (17%) 


In a second experiment, labeled chymotrypsinogen was added 
to a solution of washed microsomes in sucrose-8.T.1. containing 
sodium DOC. One aliquot was held as unfractionated micro- 
somes and the remainder was divided into two portions desig- 
nated A and B. The A portion was separated directly into a 
soluble and sedimentable fraction; the B portion, however, was 
mixed with a sevenfold excess of unlabeled chymotrypsinogen A 
before fractionation. The respective fractions were extracted at 
pH 2 and the extracts prepared for counting as described above. 
The distribution of labeled protein in this experiment is shown in 
the lower rows of Table V. In the control portion (II-a) the 
distribution was the same as in the previous experiment—+.e. 
25% of the added label was sedimentable. This proportion was 
reduced by one-third in the experimental portion (II-b) where a 
large excess of unlabeled chymotrypsinogen was added subse- 
quent to the initial exposure of the ribosomes to the label. The 
recovery of radioactivity was essentially the same in the three 
cases. 


DISCUSSION 


The experiments reported in this manuscript demonstrate 
that zymogen granules from bovine pancreas contain all five of 
the proteolytic zymogens which occur in the pancreatic juice, 
viz. trypsinogen, chymotrypsinogen A, chymotrypsinogen B, and 
the procarboxypeptidases A and B. The proportions of these 
zymogens and of several other protein components in the gran- 
ules were similar to those in bovine pancreatic juice. The 
nucleases were not studied in our experiments; however, Greene, 
in an independent investigation of the protein composition of 
bovine zymogen granules, showed the presence of RNases A 
and B in the granules.* Our own studies and those of Greene 
show that the protein composition of bovine zymogen granules 
is qualitatively and quantitatively similar to that of the secre- 
tory product, the pancreatic juice. 

Acid extracts of pancreatic microsomes contained trypsinogen, 
both forms of chymotrypsinogen (A and B), RNase, and DNase. 
The extracts were lacking in carboxypeptidase B and in procar- 
boxypeptidases A and B. Although these latter proteins are 
known to be unstable at pH 2, the following observations sug- 
gest that procarboxypeptidase A might be added to the list of 
zymogens present in pancreatic microsomes. (a) Microsomes 
which have not been exposed to acid contain a zymogen with 
the enzymic properties of procarboxypeptidase A. (b) Control 


experiments with purified procarboxypeptidase A show that the 
chromatographic behavior of this zymogen was affected mark- 


Enzymes of Pancreas Cell Fractions 


edly by exposure to pH 2. Thus, the failure to demonstrate | 


procarboxypeptidase A in acid extracts of microsomes may be 
caused by the fact that the experimental procedure altered not 


only the enzymic properties but also the chromatographic prop. | 


erties of the zymogen.° 


_ The proportions of the cationic proteins trypsinogen, chymo- | 


trypsinogen A, and RNase in microsomal extracts were similar 
to those previously found in bovine pancreatic juice. It is 
noteworthy, however, that the proportion of the anionic protein 
chymotrypsinogen 8 was low in microsomal extracts. The ratio 
of chymotrypsinogen A to chymotrypsinogen B was about one 
in pancreatic juice and in zymogen granules, but about seven to 
one in favor of chymotrypsinogen A in the microsomal extract. 
This discrepancy cannot be ascribed to disproportionate losses 
of chymotrypsinogen B during extraction because recovery of 
total chymotrypsinogen was nearly quantitative in this experi- 
ment and control experiments with purified chymotrypsinogen 
B showed complete recovery during pH 2 treatment and subse- 
quent chromatography. Although this problem needs further 
investigation, it can be concluded that the enzymic composition 
of zymogen granules corresponds closely to the composition of 
pancreatic juice and that, qualitatively at least, and within the 
limitation of their acid-stability, the full complement of digestive 
enzymes and zymogens is present in pancreatic microsomes, 
These findings are consistent with the hypotheses advanced by 
Siekevitz and Palade (7, 11) concerning the role of several sub- 
cellular structures of acinar cells in the synthesis and transport 
of pancreatic proteins. 

The microsomal fraction, derived from the endoplasmic reticu- 
lum of acinar cells, has been implicated by labeling studies in 
vivo as the site of biosynthesis of the digestive enzymes and zymo- 
gens. Morris and Dickman (26) isolated RNase from several 
subcellular fractions of mouse pancreas after injection of C™ 
valine and found that RNase of the microsomes became labeled 
most rapidly. Siekevitz and Palade (7, 22) showed that sig- 
nificant amounts of microsomal enzymes and zymogens were 
bound to the ribonucleoprotein particles attached to the micro- 
somal membrane. They isolated chymotrypsinogen A from the 
various cell fractions of guinea pig pancreas and found that the 
zymogen isolated from the ribonucleoprotein particles had the 
highest specific radioactivity in the early time periods after in- 
jection of labeled leucine (11). Hence it was postulated that 
the enzymic proteins bound to the ribonucleoprotein moiety of 
microsomes comprise the newly synthesized protein of the cell 
(11, 22). 

Ribosomes derived from bovine pancreatic microsomes con- 
tain significant proportions of all three of the cationic proteins 
of whole microsomes. Whereas the absolute amounts of tryp- 
sinogen and chymotrypsinogen were greater than that of RNase, 
the proportion of microsomal enzyme bound to ribosomes was 
greatest for RNase. Siekevitz and Palade (22) noted a similar 
preferential binding of RNase by guinea-pig ribosomes, and sug- 
gested that the finding might relate to our earlier observations of 
a greater lag in the labeling of RNase than of the zymogens after 
injection of S**-cystine into steers ((13) cf. also (25)). The sig- 
nificance of the relative distribution of microsomal enzymes and 


’ Purified bovine procarboxypeptidase A is precipitated by 0.25 
n H.SO, acid and thus represents an example of a protein which is 
synthesized primarily for secretion but which would be classed as 
‘‘non-exportable’’ on the basis of acid-solubility used by Siekevits 
and Palade (11). 
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zymogens is made uncertain, however, by the finding that under 
our conditions of microsomal sub-fractionation, ribosomes can 
bind protein from the medium. Thus some relocation of enzymic 
protein could occur during the DOC reaction, when the ribosomes 
are exposed to enzymic proteins formerly contained within the 
microsomal membrane. 

The present conditions of sub-fractionation differ from those 
of Siekevitz and Palade in several respects. A higher concen- 
tration of sodium DOC was used based on observations in the 
analytical ultracentrifuge® that this concentration was required 
to detach the ribonucleoprotein particles completely. In addi- 
tion, there may be a significant species difference since the micro- 
somal contents of guinea pig pancreas are known to exist dis- 
cretely in “intracisternal granules.’”’ Thus, it cannot be said 
whether such “secondary” binding of enzymic protein occurs in 
the experiments of Siekevitz and Palade (7, 22). In any event, 
the radioactivity data of Siekevitz and Palade exclude the 
microsomal contents as the only source of particle-bound chymo- 
trypsinogen A. 

Within the bovine species, two forms of RNase have been noted 
in extracts of the whole gland (23, 27) and in zymogen gran- 
ules.» 7 In the present work, extracts of whole microsomes were 
seen to contain two forms which were poorly resolved during 
chromatography by the procedure of Hirs et al. (23), but extracts 
of ribosomes contained only one chromatographic form of the 
enzyme. Dickman and Morrill (28), applying the same system 
of chromatography to sulfuric acid extracts of several cell- 
fractions of mouse pancreas, found two forms of RNase in the 
acid extracts of all fractions tested, e.g. the zymogen granules, 
microsomes, and supernatant fluid, but they do not report on 
the microsomal sub-fractions. Further experiments on the 
bovine ribosomal RNase would be desirable. 


SUMMARY 


Zymogen granules were prepared from homogenates of bovine 
pancreas and their protein composition was studied by the same 
chromatographic procedures used in an earlier study of bovine 
pancreatic juice. Two cationic proteins (trypsinogen and chy- 
motrypsinogen A) and three anionic proteins (chymotrypsinogen 
B and procarboxypeptidases A and B) were identified enzymi- 
cally. The proportions of these five zymogens and of the other 
proteins in the chromatographic profile of zymogen granules 
were similar to those in pancreatic juice. 

Pancreatic microsomes were isolated and extracted at pH 2 
with dilute H2SO,. The acid extracts contained all the digestive 
enzymes and zymogens which are known to be stable to acid, 
vz. trypsinogen, chymotrypsinogens A and B, ribonuclease, and 
deoxyribonuclease. The relative proportions of the cationic 
proteins, trypsinogen, chymotrypsinogen A, and ribonuclease in 
acid extracts of microsomes were similar to those in pancreatic 
juice. The proportion of chymotrypsinogen B was low relative 
to that found in pancreatic juice and in zymogen granules. 


* Unpublished experiments by P. J. Keller and R. D. Wade. 

7It is uncertain whether bovine pancreatic juice contains two 
forms of RNase since the spectrophotometric method used during 
chromatographic fractionation of the components of the juice (8, 
13) would not have revealed the presence of RNase B if it were 
present in the usual proportion. 
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Microsomes were sub-fractionated by means of differential 
centrifugation after treatment with sodium deoxycholate. The 
distribution of protein, ribonucleic acid, and of several enzymic 
proteins among the microsomal sub-fractions was studied. 

Ribosomes were shown to incorporate exogenous protein dur- 
ing their isolation. Such protein is not removed by a sucrose 
wash and only a portion is freely exchangeable with protein in 
the medium. 
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The work of Rudman and Meister (1) has provided evidence 
that the final step in the biosynthesis of both isoleucine and 
valine in Escherichia colt is carried out by the same enzyme, a 
transaminase which mediates the transfer of an amino group 
from glutamate to any of several aliphatic a-keto acids. The 
requirement of certain mutants for both isoleucine and valine 
thus arises from the fact that this transaminase is absent in such 
mutants (1, 2). A similar situation appears to exist in the case 
of another class of isoleucine-valine-requiring mutants which 
accumulate the isoleucine precursor a,8-dihydroxy @B-methyl- 
valeric acid and the valine precursor a@,8-dihydroxyisovaleric 
acid. Extracts of wild type FE. coli and Neurospora crassa are 
capable of converting a,8-dihydroxy B-methylvaleric acid and 
a ,8-dihydroxyisovaleric acid to the corresponding a-keto acids, 


a,8-dihydroxy 6-methylvalerate 


a-keto B-methylvalerate 


and 2 


> a-ketoisovalerate, 


a,8-dihydroxvisovalerate 


whereas extracts of the above mentioned class of mutants are 
deficient with respect to both activities (3). 

In order to determine whether the reactions are in fact the 
result of the action of a single enzyme, partial purification of 
extracts of #. coli was carried out, and the properties of the 
enzyme system were determined. In addition, studies were 
made of the relative thermostability and the chromatographic 
behavior of the two activities and of competitive interactions 
between the two substrates. The results support the conclusion 
that a single enzyme is responsible for both reactions. 

The enzyme has been named dihydroxy acid dehydrase. 


EXPERIMENTAL PROCEDURE 


Organism—E. coli strain K-12 was used in these studies. The 
culture was kept on slants composed of 0.5% Difco veast extract, 
0.3% Bacto-peptone, 0.1% K2HPOs,, and 1.5% agar. 

Chemicals—The substrates, DHV! and DHI, were isolated 
from culture filtrates of V. crassa strain 16117 as described pre- 
viously (4). Technical grade salicylaldehyde was purified by 
precipitation of the copper salt (5). All other chemicals were 
obtained from commercial sources. 


* This work was supported in part by a grant from the National 
Science Foundation for a project under the direction of Dr. E. A. 
Adelberg. 

1The abbreviations used are: DHV, a,8-dihydroxyisovaleric 
acid; DHI, a,8-dihydroxy 8-methylvaleric acid; and DEAE- 
cellulose, diethylaminoethy! cellulose. 


Preparation of Crude Extracts—Cells were grown at 30° in the 
medium of Davis and Mingioli (6) in 10-liter batches in carboys 
with forced aeration. The cells were harvested by centrifuga- 
tion, washed with water, and frozen. The frozen cells were 
round with alumina (7) and extracted with five times their 
weight of 0.02 mM potassium phosphate buffer, pH 6.8. The 
resulting suspension was centrifuged at 20,000 x g for 30 min- 
utes and the supernatant retained. All operations were carried 
out at 4°. 

Determination of Keto Acids—The products of the reactions 
were determined by the direct or indirect methods of Freidemann 
and Haugen (8). 

Determination of DHV—Acetone arising from a_ periodate 
cleavage of DHV was estimated by a modification of the salicyl- 
aldehyde method of Thin and Robertson (9). An aliquot con- 
taining 0.3 umole or less of DHV was transferred to 0.5 ml of 
0.5 N H.SO, in the outer chamber of a 50-ml Erlenmeyer flask 
fitted with a center well. Of the salicylaldehyde reagent, made 
from 8 ml of 3 N KOH added to 1 ml of salicylaldehyde, 1.5 ml 
were placed in the center well, and the flasks were stoppered with 
serum bottle stoppers. The flasks were gassed with Ny, by 
hypodermic needles inserted through the stoppers. The con- 
tents of the outer chamber were then treated with 0.5 ml of 0.005 
M Ce(SQOx4)2 in 0.5 N H.SO, for 5 minutes, followed by 0.5 ml of 
0.025 m NalO, for 5 minutes, with a hypodermic syringe. The 
Ce(SO,)2 was added to destroy any a-ketoisovaleric acid present 
as this compound interfered with the determination. The excess 
reagents were then reduced by the addition of 0.5 ml of freshly 
prepared 0.25 mM Na2SO3, and the flasks incubated for 6 hours at 
37°. After an additional 18 hours of incubation at room tem- 
perature in the dark, 1.0 ml aliquots were removed from the 
center well, diluted to 5 ml with salicylaldehyde reagent, and 
read in the Klett-Summerson photoelectric colorimeter with use 
of filter No. 50. <A reagent control served as the blank. The 
optical density was proportional to the amount of DHV up to 
0.3 umole DHV. Under these conditions, DHI gave values 
ranging from 3 to 5% of those obtained for equimolar quantities 
of DHV. 

Protein Determinations—Protein was determined by a modifi- 
cation of the biuret reaction (10). Crystalline bovine serum 
albumin was used as a standard. 

Estimation of Enzyme Activity—Enzyme assays were carried 
out as follows. The enzyme was added to a solution containing 
100 zmoles Tris-HCl buffer, pH 7.8, and 25 umoles cysteine (ad- 
justed to pH 7.8 with KOH) in 4-inch tubes. After the addition 
of 5 umoles FeSO,, the tubes were equilibrated in a 37° water 
bath. The reaction was started by the additiun of 5 umoles of 
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substrate in sufficient water to bring the final volume to 1.0 ml. 


After 15 to 30 minutes of incubation the reaction was stopped 
either by the addition of 0.5 ml of 20% trichloroacetic acid or by 
transferring an aliquot into tubes containing a saturated solution 
of 2,4-dinitrophenylhydrazine in 2 N HCl]. The keto acids were 
then determined by reference to standard curves for known keto- 
methylvalerate and ketoisovalerate. In those cases in which 
DHV was to be determined, the reaction was stopped by pipetting 
an aliquot to 0.5 N H.»SO,. The unit of activity is defined as the 
amount of enzyme producing | umole of keto acid in 15 minutes 
at 37° with DHV as the substrate. The rate of reaction as a 
function of enzyme concentration is shown in Fig. 1. 


RESULTS 


Partial Purification of Dehydrase—Neutral saturated ammo- 
nium sulfate was added to the crude extract at 0° to bring the 
solution to 25% saturation. The suspension was allowed to 
stand for 10 minutes and centrifuged in the cold for 15 minutes 
at 20,000 X g. The residue was discarded and the supernatant 
brought to 75% saturation. The precipitate was collected by 
centrifugation and taken up in 0.01 mM sodium pyrophosphate, pH 
74. The volume was adjusted to one-half that of the original 
extract and the suspension dialyzed for 16 hours against the same 
buffer. 

The dialyzed preparation was adjusted to pH 6.3 with 0.1 N 
acetic acid, and 0.25 to 0.3 volume of protamine sulfate (pH 5.0) 
wasadded. ‘The ratio of the optical density at 280 my to that at 
260 mu was checked during the protamine addition and when it 
had changed from 0.55 to about 0.8, the addition of protamine 
was discontinued. The resulting suspension was centrifuged 
and the residue discarded. 

A 20% suspension of powdered cellulose (Whatman No. 1) was 
added to the protamine supernatant at a rate of 1 g of cellulose 
per 10 ml of original extract. The suspension was brought to 
65% saturation with neutral ammonium sulfate and packed into 
a 2.5 X 15-em column. The protein was eluted by gradient 
elution (11). A solution of 35% saturated ammonium sulfate 
was admitted to a mixing flask containing 40 ml of 65% saturated 
ammonium sulfate. The mixing flask was provided with a 
magnetic stirrer and the effluent was used to elute the column. 
After 40 ml were collected from the column, the volume in the 
mixing flask was changed to 6 ml, and elution was continued until 
a total of 80 ml had been collected. Fractions of 5 ml were col- 
lected at a rate of 0.5 ml per minute. The fractions were assayed 
for the dehydrase, the active fractions pooled and brought to 

% saturation with ammonium sulfate. The precipitate was 
collected by centrifugation, taken up in a buffer consisting of 
0.01 m K,HPO,-0.01 m cysteine, pH 7.0, and dialyzed for 16 hours 
against 0.01 mM potassium phosphate, pH 7.0. The volume at 
this point was approximately one-tenth that of the crude extract. 

The dialyzed suspension was centrifuged to remove any pre- 
cipitate, and an aliquot of the supernatant containing 40 mg of 
protein was applied to a column consisting of powdered cellulose 
impregnated with calcium phosphate gel (12). The dimensions 
of the column were 1.4 X 7 cm. The enzyme was eluted with 
0.02 m potassium phosphate, pH 7.8. It was necessary to apply 
4 vacuum to obtain sufficiently high flow rates. A major part 
of the protein traveled as a brownish yellow band, and the en- 
zyme traveled slightly behind the band. When the band com- 
menced to come off the column, 1-ml fractions were collected and 


J. W. Myers 


1415 


assayed. The fractions of highest specific activity were pooled 


and stored at —20°. 


The preparation so obtained is resolved with respect to metallic 


ion cofactors and cysteine or glutathione. 


A summary of the 


purification procedure appears in Table I. A purification of 
approximately 6-fold was obtained. 

Properties of Dehydrase—Enzyme activity as a function of pH 
is shown in Fig. 2. The optimum for DHV was 7.8 whereas that 
for DHI was 7.9. 


RATE OF KETO ACID FORMATION 


WN 
T 


T 


0.1 


0.2 
MILLILITERS OF EXTRACT 


0.3 


Fic. 1. Rate of keto acid formation (in micromoles per 15 


minutes) as a function of enzyme concentration. O——O, DHV 
as substrate; @——@, DHI as substrate. 
TABLE I 
Purification of dehydrase 
Fraction Protein Activity Ratio* 
mg units untils/mg 

Crude extract............... 1030 1000 0.97 2.4 
(NH4)2SO4, 25% to 75%...... 640 640 1.00 2.3 
Protamine supernatant...... 420 560 1.33 2.2 
(N H,4)2SO, eluate precipitated 

and dialyzed............... 110 270 | 2.46 2.7 
8 50 6.25 2.4 


* Ratio is the rate of ketoisovalerate formation to the rate of 


ketomethylvalerate formation. 


Fic. 2. pH-activity curves. 


RATE OF KETO ACID FORMATION 


@——@, DHI as substrate. 
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pH 


O——O, DHV as substrate; 
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The enzyme required ferrous ion or other divalent cations for 
activity. The response of the enzyme to Fe** in the presence of 
0.025 m cysteine is shown in Fig. 3. A summary of the effects of 
other divalent metals is given in Table II. 

A reducing agent such as cysteine or glutathione was also 
required as a cofactor. The curve for activity as a function of 
cysteine concentration is presented in Fig. 4. Glutathione at a 
concentration of 0.025 m gave values comparable to those ob- 


RATE OF KETO ACID FORMATION 


CONCENTRATION xI0° 


Fic. 3. Dihydroxy acid dehydrase activity as a function of 
Fe** concentration. O——O, DHV as substrate; @——@, DHI 
as substrate. 


TaBLeE II 
Effects of divalent cations on purified dehydrase preparation 


All metals were added at a final concentration of 2 X 1073 m. 


The cysteine concentration was 1 X 107? m. 


Ketoisovalerate produetion 


Addition | per 15 minutes 

pmoles 


— 


RATE OF KETO ACID FORMATION 
nm 


| 2 3 4 5 

CYSTEINE CONCENTRATION x10? 

Fic. 4. Dihydroxy acid dehydrase activity as a function of 

cysteine concentration. O——O, DHV as substrate; @——@, 
DHI as substrate. 


DHV 4 
gf x10 
4L 
a 


[s] x10* 


Fic. 5. Lineweaver-Burk plot of the relation between dihy- 
droxyisovalerate concentration and reaction rate. 


cell 
~ -5 trea 

was 
O— 
DH 
L, 
2 
[s] x 10% 
Fic. 6. Lineweaver-Burk plot of the relation between dihy- 
droxymethylvalerate concentration and reaction rate. 
TABLE III 
| Effects of inhibitors on dihydroxy acid dehydrase activity of crude 
extract of E. coli strain K-12 
Inhibition with 
Inhibitor Concentration 
DHV DHI 
7% 
5 10-4 35 15 ofa 
p-Chloromercuribenzoate....... 5 X 10-4 96 86 fF 
5 X 10 0 | 
1 X 10° 47 27 | 
Ketoisovalerate...............| 1X 10° 0 0 | 
Ketomethylvalerate............ 1 X 10-3 0 0 | 


* Ethylenediaminetetraacetic acid, potassium salt. 


tained for cysteine. In addition, the pH optima for DHV and = __ 
DHI appeared to be the same in the presence of glutathione. 
Lineweaver-Burk plots for the determination of the Michaelis 
constants for the substrates are shown in Figs. 5 and 6. 
Table III shows the effects of various inhibitors on the dehy- — 
drase activity of a crude extract. In every case, the inhibitor — 
was more effective when DHV was the substrate. This may bea 
reflection of the higher affinity of the enzyme for DHI. 
Evidence that Dehydrase is Single Enzyme—As may be seen in 
Table I, the relative rates of reaction of the two substrates tid not 
change in the course of a 6-fold purification. The sugges‘ that 
a single protein is responsible for both activities is borne vut by 
chromatography on DEAE-cellulose. As may be seen in 1%: i, | — 


i 
| 
— 
| 


| 
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30 30 
8S} ? 
zm =a 
2 
> 
= 115 
© 
> = 
5 0.5 2 
a 3 
[DH'] x10 
dihy- is — Fig. 9. Inhibition of DHV disappearance by DHI. JV, rate 
i of absence of inhibitor; V;, rate in presence of inhibitor; oOo. 
Fic. 7. Chromatogram of a crude extract of EZ. coliona DEAE- 2 X 10°? m DHV; @——@, 4 X 10-* m DHV. 
nt with 0.2 volume o streptomycin sulfate an a- 
0.01 buffer pH 7.0. The extract the activities of streptomy 
was eluted by means of a linear gradient of NaCl (0 to 0.25 m). together. Furthermore, both activities are inactivated by heat 
O——O, activity with DHV as substrate; @——®, activity with at the same rate. Dialyzed crude extracts were subjected to a 
DHI as substrate; -——e, milligrams of protein. temperature of 50° for various periods and the residual activities 
determined. Under these conditions, the half-life of both activ- 
ities is approximately 20 minutes and dilution of the extract is 
20 without effect. The results of an experiment with an undiluted 
extract are shown in Fig. 8. 
- Experiments on the kinetics of the reactions show that they 
- are competitive. The rate of keto acid formation with mixtures 
- of the subrates is always less than the rate with DHV alone and 
dihy- ac more than the rate with DHI alone (Table IV). Further evi- 
& dence of competitive interaction is provided by the experiment 
D presented in Fig. 9. The rate of disappearance of DHV was 
= determined as a function of DHI concentration. The results 
‘crude > show that DHI is a competitive inhibitor of the conversion of 
> DHV to a-ketoisovalerate. 
th DISCUSSION 
10 20 30 
HI TIME IN MINUTES The kinetic evidence presented here does not prove that a 
single enzyme is responsible for both reactions. It is conceivable 
Ment of dinvdrony acd that two ensymes exis and that each is inhibited by the other's 
36  @—, DHI as substrate. substrate (the so called cross-inhibiton hypothesis, cf. 13, 14). 
0 | However, the observation of competition between the substrates 
0 is consistent with the hypothesis of a single enzyme, and this 
17 Taste IV hypothesis is supported by the results of partial purification, 
7 | chromatography, and heat inactivation. 
Rul Non-additivity of rates of keto acid formation The results presented here, in conjunction with the previous 
0 | with mixtures of substrates work of Rudman and Meister (1), therefore make it unnecessary 
ore ; to postulate ‘“‘cross inhibition”? by accumulated precursors to 
Concentration ‘ ‘ 
Keto acids per 15 minutes | account for the double requirement of isoleucine-valine mutants. 
> and DHV DHI The double requirement follows from the assumption that com- 
=| ; mon enzymes are involved at analogous steps in the two bio- 
a — —e synthetic pathways. Other classes of isoleucine-valine-requiring 
naelis 2 103 mutants are known which are blocked before the dehydrase. It 
. —- is very likely that here, too, the double requirement is due to the 
a | ey 48 lack of an enzyme common to both of the biosynthetic pathways. 
2 49 
= 2 0.5 78 — 
2 in ae 1 71 The dihydroxy acid dehydrase of Escherichia coli has been 
d not partially purified and its properties determined. The partially 
that ity .- 91 purified preparation requires cysteine and ferrous ion for activ- 
7 " The dehydrase appears to have two natural substrates: the 


4% 3 
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valine precursor, a ,6-dihydroxyisovaleric acid; and the isoleucine 
precursor, a ,6-dihydroxy G-methylvaleric acid. 

The requirement of certain mutants for both isoleucine and 
valine can be explained on the basis of the loss of this enzyme. 
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‘In a previous study (1), pL-methionine was shown to be a 
competitive inhibitor of the uptake of glycine by Ehrlich ascites 
cells. The results obtained, however, could not give any indi- 
cation as to whether glycine and methionine are transported by 
the same or different systems. This problem has recently been 
the object of further consideration by Paine and Heinz (2), who 
were also unable to provide an unequivocal answer to the prob- 
lem. Considerations of specificity of inhibition by other amino 
acids, however, did lead Tenenhouse and Quastel (3) to conclude 
that separate systems are required for the transport of glycine 
and L-S-ethyleysteine. 

Previously Heinz and Walsh (4) had suggested that amino 
acids which inhibit the transport of a given amino acid should 
undergo exchange diffusion with that amino acid. 1L-Methio- 
nine and pL-ethionine are known to be excellent inhibitors of 
glycine transport (5), but no evidence could be obtained for loss 
of glycine from ascites cells by exchange diffusion with pL-me- 
thionine (1). Loss of metabolites from cells has previously been 
demonstrated by, for example, the work of Rosenberg and Wil- 
brandt (6) on the exchange between labeled and unlabeled glu- 
cose in red blood cells. The ability of other amino acids to 


undergo exchange diffusion with methionine or ethionine has 
now been investigated. As this work was in progress, some 


account of such exchange was reported by Paine and Heinz (2). 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Radioactive Amino Acids—pu-Methionine-S** was obtained 
fom Merck and Company (Montreal) and t-ethionine-ethyl-1- 
C“ from Tracerlab, Inc. 

Ascites Cells—The Ehrlich ascites cells were harvested from 
Carworth Farms male white mice 6 or 7 days after intraperitoneal 
injection. The tumor was maintained in a solid form by sub- 
cutaneous injection of the ascitic form. The ascitic (liquid) form 
was continually reisolated from the solid form by intraperitoneal 
injection of minced tissue, and only those cells obtained from the 
subsequent liquid to liquid transfer were used in the present 
study. Cells from further liquid toe liquid transfers gave much 
less consistent results. 

Incubation and Assay Techniques—These were as previously 
described (1). In general, ascites cells were incubated in a 
calcium-free Krebs-Ringer-phosphate solution with the radio- 
active amino acids in Erlenmeyer flasks in air at 37°, unless 
otherwise stated. Samples were removed and the cells washed 
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with ice-cold calcium-free Krebs-Ringer solution. The methio- 
nine present in the cells was extracted with 95% ethanol and 
an aliquot of the ethanol extract was plated and counted. Ex- 
amination of samples of the ethanol extract by chromatography 
and radioautography indicated that over 90% of the radioactiv- 
ity was present as methionine. 

Exchange Diffusion—<Ascites cells were prepacked with an 
amino acid by incubation under the conditions described above. 
The cells were then isolated from the incubation medium by 
centrifuging for 90 seconds at 800 xX g (maximal speed in the 
six-place head of the International Equipment Company’s clini- 
cal model centrifuge). The packed cells were suspended in 1 
ml of ice-cold calcium-free Krebs-Ringer solution and added to 
fresh incubation media at 20° or 37°. The time of addition was 
noted from a stop watch. Samples were removed as before, 
the times of removal again being noted from a stop watch. Two 
types of experiments were carried out. In the first type, the 
ascites cells were preincubated with the radioactive amino acid 
and the efflux was then measured in the presence and absence of 
a second, nonradioactive amino acid. In the second type of 
experiment, the ascites cells were preincubated in the presence 
and absence of a nonradioactive amino acid and the influx of 
the radioactive amino acid was then measured. Washing, ex- 
traction, plating, and counting were carried out as described 
above. 


RESULTS 


The sensitivity of the methionine transport system in Ehrlich 
ascites cells to several amino acids was investigated and com- 
pared with the sensitivity of the glycine transport system. In 
these experiments, the cells were incubated with 2 mm pL-methio- 
nine-S** and, after 20 minutes, the second amino acid was added 
directly to the incubation medium. Samples were removed 
throughout at intervals and the alcohol-soluble radioactivity 
was assayed as described above. The percentage of decrease in 
the steady state level of radioactivity on addition of the second 
amino acid was then calculated. The results obtained are sum- 
marized in Table I. Several amino acids, including L-glutamate, 
L-aspartate, L-arginine, and L-lysine, had little or no effect on 
the accumulation of pt-methionine. The amide-containing 
amino acids, L-glutamine and L-asparagine, gave inhibitory 
effects. Similarly, many of the oxygen- and sulfur-bridged com- 
pounds, previously shown to have such a large effect on glycine 
retention (1, 5), also caused a decrease in the methionine con- 
tent of the cells (Table I). Further, when glycine was added 
to cells which had been prepacked with pt-methionine, there 
was an efflux of methionine. In all these respects, the qualita- 
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tive and quantitative sensitivities of the glycine and methionine ae | 

transport systems were similar. However, certain amino acids, . 

such as pL-leucine, pL-valine, pL-phenylalanine, and @-phenyl- oA gi 

serine, which had little effect on the steady state level of glycine, a ce ee , 

brought about a loss of methionine from ascites cells. 40} I: ' ‘ 

moles / mi : 

I "PACKED 0 

Effects of other amino acids on retention of 2 mM pi-methionine-S*® CELLS Cit 

Cells were incubated with pLt-methionine-S* as described under - or 

“Materials and Methods’”’ for 20 minutes and then the amino al 
acids indicated were added in the solid form or in a concentrated 
aqueous solution to yield a final concentration of 5mm. The level 

of radioactivity was measured at intervals and the percentage = 20 40 $0 i. lo 

loss of methionine calculated from the original and final steady Teme (hems) r 


state levels. 
Fic. 2. The effects of other amino acids on the steady state m 


homoserine added; £, 5 mm pui-S-ethyleysteine added. ga 
10 ra 
Glycine... 18, 17 The characteristic results obtained with some of the inhibitory of 
pL-O-Methyl homoserine................... 27, 18* weve fol 
187 tained with pt-O-methy! homoserine, is shown in Fig. 1. Upon 
30, 14* addition of this amino acid (5 mM) to cells in equilibrium with de 
SES EAB AE 21, 34* 2 mM pL-methionine-S**, there was an extensive loss of radio- | ™ 
Re ye Ce ea 30t activity from the cells within 5 minutes, followed by a slow | ™ 
12* recovery of about one-half of the lost radioactivity extending 
60 over a period of 40 minutes. This effect was shown by several 
34* other amino acids and the percentage inhibitions, quoted in the 
pL-Valine..... Table I, actually refer to the final steady state value. Other | 
50, 42 inhibitory amino acids, such as glycine, did not give this effect | ™ 
3,0 one of more than a dozen amino acids to cells in equilibrium | ™ 
Re 4 with a medium containing 2 mM glycine-1-C"™ resulted (1) in a cel 
ESS 54, 43* slower loss of radioactivity than that found with methionine, 
NS ES RECO SRE 13, 17 and there was not the slow and partial recovery of the lost i 
amino acid. To determine if the effect was characteristic only ; *™ 
as 


* Indicates that the inhibition was initially greater and then of py-methionine, similar experiments were performed with the 
fell to the steady state level quoted. methionine analogue, t-ethionine. The results obtained are the 
t Indicates that there was an initial greater inhibition but it ont in De 3 8 hich it j t that th 
wus ut presen in Fig. 2, from whic Is apparen tha the same 
phenomenon was shown by ethionine on addition of either 
pL-O-methyl homoserine or pL-methionine. It is also apparent 
that addition of 5 mm pi-methionine caused a greater and more 
| : 


rapid loss of L-ethionine-C™ from the ascites cells than did the 
addition of 2 mm pt-methionine. The effect was, therefore, 
Wis B observed on addition of methionine to cells in equilibrium with 
: if *¢ ethionine or when ethionine was added to cells in equilibrium 
cee with methionine. However, it was not observed when similar 
pmoles/ml ° combinations of glycine and methionine were used. Only L-S- 
PACKED ° ethylcysteine, of all the analogues studied which are structurally | # 
AS closely related to methionine, failed to exhibit this unusual phe- 
2.0F nomenon when added to cells in a steady state with respect to 
either methionine or ethionine (Fig. 2). 

Effect of Various Concentrations of p1-Ethionine—The rapid 
loss of radioactivity might be the consequence of a simple dis- 
4 placement phenomenon, or of a displacement from sites on 4 

25 50 75 
membrane or carrier. In the former case, the amount lost in 4 


TIME (MINS) . 
, : given time would be proportional to the amount of displacing 
Fig. 1. The effects of glycine and O-mothy! homeserine on the amino acid, but in the latter case, the amount lost might follow 


steady state level of pLt-methionine-S*5 in ascites cells. A, no F 
additions; B, 5 mm glycine added; C, 5 mm pu-O-methyl homo- ® law similar to that obtaining in adsorption. The effects of Bes 


serine added. various concentrations of pi-ethionine on the loss of pL-methio- C¢ 
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— nine-S*> were studied and the results obtained are presented in 
‘Fig. 3. The loss of radioactivity on addition of 10 mm ethionine 


did not appear from this figure to be 4 times as great as that 
observed on addition of 2.5 mM ethionine. It is also apparent, 
on the basis of the results presented in Fig. 3, that the minimal 
level of radioactivity in the cells was obtained at least 5 minutes 
after the addition of 6.25 mm or 10 mm ethionine, and well be- 
fore 5 minutes with 2.5 mM ethionine. The recovery also seemed 
to be most rapid when the lowest concentration of ethionine was 
present. Similar effects were obtained when methionine was 
added at different concentrations to cells containing ethionine. 
These results strongly suggest that methionine-S** may be 


_-Jost very rapidly from Ehrlich ascites cells, on addition of certain 


amino acids, by a phenomenon involving displacement by ex- 
change from a membrane carrier. This mechanism for the 
movement of amino acids into ascites cells has been extensively 
studied by Heinz and Walsh (4) but in our own previous investi- 
gations no evidence for its operation could be detected with 
radioactive glycine and nonradioactive methionine. The ability 
of various amino acids to exchange with methionine has, there- 
fore, been examined. 

Specificity of Exchange Process—In the first experiments to be 
described, various amino acids were allowed to accumulate in 
ascites cells for 20 minutes at 37°, separated from the incubation 
medium, and finally suspended in completely fresh medium con- 
taining pL-methionine-S*> (see ‘Materials and Methods’). The 
rate of entry of methionine into the cells was then measured in 
the usual way and the results so obtained are presented in Table 
II. There was a great increase in the rate at which radioactive 
methionine entered cells which had been prepacked with non- 
Similar stimulations were obtained 
when the cells were prepacked with pt-ethionine or with pL-O- 
methyl homoserine. No stimulation was observed when the 
cells were prepacked with glycine, but a small though consistent 
stimulation was observed when the cells were prepacked with 
-S-ethyleysteine. Such stimulations of the rate of passage of 
amino acids into ascites cells have been interpreted by Heinz 
as being caused by a process of exchange. The above results, 
therefore, may be reasonably explained if it is supposed that 
methionine in the medium may exchange with methionine, 
ethionine, O-methyl homoserine, and, to a more limited extent, 
with S-ethyleysteine inside the cell, but not with glycine. This 
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Cc 
pmoles/ml 
PACKED 
CELLS 


8 
\ \ 


20F 


TIME (MINS) 


Fig. 3. The effects of pL-ethionine on the steady state level of 
bL-methionine-S** in ascites cells. A, no additions; B, 2.5 mM, 


C,6.25 mm, and D, 10 mm pt-ethionine added. 
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TABLE II 


Effects of prepacked amino acids on initial rate of uptake of 
pi-methionine-S** by Ehrlich ascites cells 


Cells were prepacked with amino acids for 20 minutes at 37°, as 
described in ‘‘Materials and Methods,’’ isolated, transferred to 
fresh media containing 2 mm methionine-S**, and incubated at 
37°. The rate of entry of methionine was calculated from the 
amount of radioactivity appearing in the alcohol-soluble fraction 
in the first 2 minutes of incubation. 


Experi- | Initial rate | Stimulation 
ment 
| pmoles/ml 
packed % 
cells/min 
1 Nil 0.44 
2 mm DL-Methionine 1.00 127 
2 mm Glycine 0.40 —9 
2 Nil 0.63 
2 mm L-S-Ethyleysteine 0.87 38 
2 mm DL-S-Ethyleysteine 0.77 22 
| Nil 0.39 
2 mM DL-S-Ethyleysteine 0.57 46 
2 mm DL-O-Methyl homoserine 0.88 126 
4 Nil 0.31 
2 mm DL-Methionine 0.54 74 
2 mM DL-Ethionine 0.71 129 


TABLE III 


Effects of amino acids in medium on rate of loss of pt-methionine-S*5 
from Ehrlich ascites cells 
Cells were prepacked by incubation with pL-methionine-S** for 
20 minutes, as described in ‘‘Materials and Methods,”’’ isolated, 
and incubated at 37° in fresh media containing the additions 
noted. 


Initial rate 
. Stimulat 
Amino acid in medium _of loss of 
pmoles/ml 
2 mM packed % 
cells/min 
pL-Carbamyleysteine................. 0.94 190 
pL-S-Ethyleysteine................... 0.42 31 


process should operate equally well in the reverse direction if it 
is truly one of exchange, and cells prepacked with radioactive 
methionine should lose their radioactivity more rapidly when 
placed in media containing the above amino acids. This type 
of exchange process was investigated and the results obtained 
are presented in Table III. It is apparent that ethionine, car- 
bamyleysteine, and S-ethylcysteine are all capable of causing 
a rapid loss of prepacked methionine from the cells. Again, 
S-ethylcysteine caused a significant stimulation of the rate of 
loss of methionine, but the stimulation was much less than that 
observed with the other amino acids. Similarly, prepacked 
L-ethionine-ethyl-1-C™ left the ascites cells more rapidly when 
such cells were incubated in a medium containing methionine, 
and, within experimental error, the magnitude of this latter 
effect was the same for D-, L-, or pL-methionine. 
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pmoles/mli 
PACKED 20+ 20, / 
oA 


CELLS 


) 5 10 eee 5 10 iS 
TIME (MINS) 

Fic. 4. The exchange of pL-methionine-S** with pL-ethionine. 
A, efflux of methionine; B, efflux of methionine into a medium 
containing ethionine; C, influx of methionine; D, influx of methi- 
onine into cells prepacked with ethionine. All incubations were 
carried out at 37° with 2 mm pL-amino acids. 


TABLE IV 
Exchange of and x-ethionine-1-C'4 in Ehrlich 
ascites cells 
Cells were prepacked by incubation with the amino acid indi- 
cated for 20 minutes at 37°. The cells were then isolated and 
incubated at 20° in fresh media containing the second amino acid 
noted. Samples were removed and analyzed, as described in 
‘“‘Materials and Methods.’’ 


| Flow of | 
Amino acid prepacked | | Rate Ratio 

| | pmoles/min/ 

ml packed cells 
Ethionine......... Methionine* In 0. 4 
Ethionine*........ Nil Out 0.05 — 
Ethionine*........ Methionine Out 1.18 1.28 
Methionine........ Ethionine* In 0.68 1 
Methionine*....... Nil Out 0.03 —— 
Methionine*....... Ethionine Out 0.82 1.20 


* Indicates radioactive amino acid. 


8) 
4.0 
pmoles/mi 
PACKED 
CELLS 
Cc 
6 12 6 i2 


TIME (MINS) 


Fic. 5. Exchange diffusion of methionine and ethionine at 20°. 
A, efflux of ethionine from cells prepacked at 37° with L-ethionine- 
ethyl-1-C'; B, efflux of ethionine into a medium containing methi- 
onine from cells prepacked at 37° with L-ethionine-ethyl-1-C"; C, 
influx of pL-methionine-S**; D, influx of pL-methionine-S** into 
cells prepacked at 37° with nonradioactive L-ethionine. 


The effects of pi-ethionine on the movement by exchange of 
pL-methionine-S**, both into and out of ascites cells, were in- 
vestigated. The results obtained are presented in Fig. 4. They 
indicate that ethionine external to the cell was as effective in 


exchanging with intracellular methionine as was internal ethio- 
nine in exchanging with extracellular methionine. 

It may be concluded from the above experiments that there 
is a close parallelism between the specificity of the factors 
governing the rapid loss of radioactivity from ascites cells jp 
equilibrium with pi-methionine-S* (Fig. 1) and the rapid loss 
or entry of methionine occurring under conditions conducive 
to exchange. 

Stoichiometry of Exchange Process—The exchange process in. 
volved in these events has been more specifically designated by 
Heinz and Walsh (4) as exchange diffusion, a phenomenon de- 
fined (7) as ‘‘...the movement of a solute across a membrane 
in strict mole-to-mole exchange for a similar solute moving in 
the opposite direction.’”’ An attempt was made to determine 
whether such a mole-for-mole relationship actually obtains 
when methionine and ethionine are caused to exchange. For 
these experiments, the cells were prepacked with radioactive 
and nonradioactive amino acids as shown in Table IV. The 
cells were then separated from the incubation media by cen- 
trifugation and added to fresh media containing the additions 
noted in Table IV. 

In the preliminary experiments, the cells were prepacked with 
amino acid at 37° and the exchange process was also measured 
during incubation of the cells at 37°. It soon became apparent 
(Fig. 4) that the unstimulated rate of passage of either methio- 
nine or ethionine into or out of the cell was appreciable relative 
to the rates of the exchange reactions. Further, the rates of 
the exchange reactions were so great that the level of radioactiv- 
ity had usually reached more than 70% of its new steady state 
level within 2 minutes. The experiments were, therefore, re- 
peated under similar conditions except that the second incuba- 
tion (the exchange process) was carried out at 20° (Fig. 5). It 
was then possible to make reasonable estimates of the rates of 


passage of radioactive amino acids by exchange either into or | 


out of the cells in terms of wmoles of amino acid moving in a 
given direction per minute per ml of packed cells. 

The results obtained are presented in Table IV. The calcu- 
lated ratio for the rate of passage of methionine into the cells 
compared with the rate of passage of ethionine out was 1:1.28, 
and, for movement in the opposite direction (ethionine in and 
methionine out), it was 1:1.20. These values are sufficiently 
close to unity to suggest that the process under examination is 
actually exchange diffusion. 

Effects of Uncoupling Agents and Tribromethanol on Exchange 
Diffusion—Heinz (8) showed that dinitrophenol had no effect 
on the value of the constant characteristic for diffusion of glycine 
from ascites cells and, according to the over-all scheme presented 
by Heinz and Walsh (4) for transport and exchange diffusion, 
dinitrophenol should have no effect on exchange diffusion. Dec- 
anoate, a compound potentially able to alter lipid membranes 
(9) and known to uncouple oxidation from phosphorylation in 
ascites cells (10), was also investigated. Similar studies were 
carried out with tribromethanol which has been shown to in- 
fluence both transport and exchange diffusion of glycine (11). 
The results obtained with these compounds are presented in 
Table V. The uncoupling agents had little or no effect, but 
4 mo tribromethanol gave rise to 50% inhibition of the exchange 
process. 


DISCUSSION 


Studies on the effects of other amino acids on the methionine 
and the glycine transport systems have revealed great similarities 
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between these two systems. Many amino acids, such as pL-ethi- 
onine, DL-O-methyl homoserine, DL-alanine, and L-glutamine, 
which caused a decrease in the steady state level of intra- 
cellular glycine, also lowered the steady state level of pL-methio- 
nine. Other amino acids, such as L-glutamic, L-aspartic, L-argi- 
nine, and L-lysine, did not influence the steady state level of 
either glycine or methionine under the present experimental con- 
ditions. However, despite these similarities, other amino acids, 
including pL-leucine, DL-valine, pL-phenylalanine, and 6-pheny]l- 
serine, were found to bring about a diminution of the steady 
state level of methionine, but had little effect on the cellular 
glycine level at the concentrations used. This result would 
still be in accord with a common transport mechanism for gly- 
eine and methionine if the affinity of methionine for the trans- 
port system were much less than that of glycine. Such is not 
the case since it has already been shown (1) that methionine 
may effectively compete with glycine at concentrations much 
lower than that of glycine. The results of Paine and Heinz (2) 
have shown that pv-methionine is a much less effective inhibitor 
of glycine uptake than is L-methionine. In the present experi- 
ments, however, p- and L-methionine were found to exchange 
equally well with L-ethionine, and all the evidence presented 
above concerning the exchange reactions strongly suggests that 
methionine and ethionine share a common transport system. 
The results are, therefore, only compatible with the suggestion 
that separate transport systems exist for glycine and methionine, 
with similar but not identical affinities for other amino acids. 
These affinities presumably include an affinity of methionine 
for the glycine transport system and vice versa. 

Some support for this suggestion is obtained from studies of 
exchange diffusion. ‘Two amino acids which are transported by 
the same system should be capable of exchange diffusion (4, 6). 
Previous studies with glycine-1-C™ (1) and the present studies 
with methionine-S** indicate that little or no exchange diffusion 
occurs between this pair of amino acids, and the recent results 
of Paine and Heinz (2) have shown that prepacking ascites cells 
with methionine decreases, rather than increases, the influx of 
glycine. 

Several amino acids, such as ethionine, when added to ascites 
cells containing a steady state level of methionine-S**, cause a 
rapid and extensive loss of radioactivity from the cells. This is 
followed by a slower and partial recovery of the lost radioactiv- 
ity. The phenomenon has been interpreted in terms of a rapid 
exchange diffusion between methionine or ethionine and the 
second amino acid, followed by a rate of re-entry, determined by 
the relative affinities of the two amino acids for the methionine 
(or ethionine) transport system. The rate of re-entry in turn 
determines the new steady state level of methionine (1,3). This 
phenomenon was never observed when glycine was added to 
methionine or ethionine, suggesting again that exchange diffu- 
sion between glycine and these amino acids occurs, if at all, 
only to a limited extent. Exchange diffusion between S-ethyl- 
cysteine and methionine can be demonstrated quite consistently, 
but the sudden efflux, shown in Fig. 1, is not obtained with 
S-ethyleysteine, suggesting that this phenomenon is only ob- 
served with amino acids which are able to undergo very rapid 
exchange diffusion. 

In the present experiments on measurement of amino acid 
fluxes, a decrease in the temperature of the incubation medium 
from 37° to 20° caused a great decrease in the rate of loss of 
methionine in the absence of a second amino acid. This de- 
crease in the rate corresponded to a Qio of approximately 2, but 
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TABLE V 


Effects of dinitrophenol, tribromethanol, and decanoate on the 
exchange diffusion occurring between L-ethionine ethyl-1-C'4 in 
Ehrlich ascites cells and t-methionine in medium 


Ascites cells were prepacked by incubation at 37° for 20 minutes 
with 2 mM L-ethionine ethyl-1-C'* as described in ‘‘Materials and 
Methods.’’ They were then isolated and incubated at 20° in 
fresh media containing the additions noted above. Samples were 
removed and analyzed and the rate of loss of ethionine in the 
first 2 minutes was calculated. 


"Initial rate 

Amino acid present in medium Inhibitor added _ of loss of 

ethionine 

pmoles/ml 
packed 

cells/min 
2mM L-Methionine...... Nil 0.93 
2mm L-Methionine...... Tribromethanol 0.45 

2mM L-Methionine...... 0.1 mm Dinitrophenol 0.99 
2 mM L-Methionine...... 1mm Decanoate 


the value for simple diffusion should be of the order of 1.3 (12) 
In view of these considerations, it seems likely that the loss of 
methionine or ethionine in the absence of a second amino acid 
may be caused by a process other than simple diffusion. 

The increased fluxes occurring in the presence of a second 
amino acid are undoubtedly manifestations of an exchange 
phenomenon, but definitive proof is required that the exchange 
process is exchange diffusion. Accordingly, an effort was made 
to show a mole-to-mole relationship between the exchanging — 
amino acids. This was verified for methionine-ethionine ex- 
change and for ethionine-methionine exchange. The ratio, how- 
ever, was consistently greater than unity in favor of the out- 
going amino acid by 20 to 30%. This may well be caused by 
the high concentration inside the cells of the outgoing amino 
acid. However, the values are sufficiently close to unity to 
confirm that the process under consideration is actually exchange 
diffusion. 


SUMMARY 


1. Studies of the transport of pt-methionine into Ehrlich 
ascites cells have indicated that separate systems are involved 
in the transport of glycine and methionine. 

2. The addition of a number of other amino acids, particularly 
those having an oxygen or a sulfur bridge, to cells which have 
attained a steady state with respect to methionine-S**, causes 
a rapid loss of methionine. This is followed by a gradual and 
partial return of the lost methionine to the cells. 

3. Results that are both qualitatively and quantitatively 
similar to those obtained with pi-methionine have been ob- 
tained with L-ethionine-ethyl-1-C™. 

4. Methionine and ethionine undergo rapid exchange diffu- 
sion with each other and with a number of other amino acids, 
but not with glycine. 

5. The exchange diffusion between ethionine and methionine 
occurs in a mole-to-mole ratio. 
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Cystine is one of five amino acids (arginine, cystine, glutamine, 
histidine, tyrosine) which are essential for the survival and 
growth of human and animal cells in culture (1-3), even though 
they are not needed for nitrogen balance in man. It will here be 
shown that all the serially propagated human strains so far 
studied can synthesize cystine from methionine and glucose, but 
that under ordinary conditions of culture, trace concentrations of 
exogenous cystine are necessary to prevent its loss from the cells 
at a faster rate than it can be synthesized, with resulting pool 
depletion and cellular death. 


EXPERIMENTAL PROCEDURE 


“Cystine-free’’?’ Medium—By virtue of their—SH groups, serum 
proteins can react with a variety of disulfides, including cysta- 
mine (4) and cystine (5). The resulting concentration of firmly 
bound half-cystine residues in dialyzed serum is on the order of 
0.05 mm (5). The necessary presence of serum protein in the 
growth medium therefore provides contaminating cystine which 
may permit significant growth in an otherwise cystine-free me- 
dium. This difficulty was overcome in the present experiments 
by prior treatment of the dialyzed serum with dithionite, followed 
by dialysis, a procedure which has been shown to remove al- 
most all the bound half-cystine residues (5), to a residual concen- 
tration less than 0.002 mm. A further complication is the fact 
that dialyzed serum undergoes progressive proteolysis, with the 
release of cystine residues deriving from the protein itself (6). 
This occurs even at 2-5°, but is accelerated under culture con- 
ditions, when a medium supplemented with 5 to 10% dialyzed 
serum is incubated at 37°. This difficulty was controlled in 
some of the present experiments by passing the dithionite- 
treated serum through a Sephadex gel column (7). Such gel- 
filtered serum undergoes proteolysis at 37° much more slowly 
than the original dialyzed serum, perhaps because of the removal 
of cofactors essential for the proteolytic reaction (6). 

Methods—The cell strains here used have been previously 
described, as have the methods of cultivation (8). In the prepa- 
ration of the experiments, cells in suspension culture were centri- 
fuged at 150 to 200 x g, resuspended in a cystine-free medium, 
and planted at the population densities indicated in the individ- 
ual experiments. Twenty-four hours later, after the cells had 
adhered to the glass, the medium was removed, and the experi- 
mental media were added. The culture fluid was replaced on 
days 2, 4, 5, 6, and 7, but with inocula in excess of 24 < 104 per 
ml it was replaced daily. The dithionite-treated serum was 
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thawed and added to the successive portions of media only on 
the day of their actual use, in order to prevent the release of free 
cystine by proteolysis during storage. 

Amino Acid Analysis—The methods used for the hydrolysis of 
the cell protein, the separation of the component amino acids by 
column chromatography, and their analysis for specific radio- 
activity have previously been described (9). 

Radiochemical Decomposition of Methionine-S**—To ascertain 
the degree to which methionine-S** decomposes to homocysteine 
and homocystine under the conditions of the present experi- 
ments, DL-methionine-S** purified by paper chromatography was 
added at approximately 0.25 ue per ml to a complete growth me- 
dium containing 0.05 mm methionine. After 24 hours at 37°, 1.5 
ml of a cold solution of trichloroacetic acid (containing 1.5 g) was 
added with stirring to a chilled 16-ml portion. The precipitated 
protein was removed by centrifugation, the supernatant fluid 
extracted twice with 5 volumes of ethyl ether, lyophilized, and 
brought to 5 ml with 0.02 n HCl. Then 0.05 ml was spotted on 
Whatman No. 1 chromatographic paper, together with 0.02 ml 
of an amino acid mixture containing approximately 0.12 umole 
each of L-homocystine, L-homocysteine, L-methionine, pL-methi- 
onine sulfoxide, pt-methionine sulfone, pt-methionine sulfoxi- 
mine, DL-methyl methionine sulfonium chloride, L-cystine, and 
L-cysteic acid. Duplicate two dimensional descending chromato- 
grams were developed, with the use of phenol-ethanol-H.O, 
2:1:1, with 0.1% hydroxyquinoline in the first run, and N-bu- 
tanol-acetic acid-H.O, 4:1:5, in the second. In neither instance 
was heat used to dry the papers. 

Both chromatograms were radioautographed for 5 days, yield- 
ing identical radioactive spots. One paper was developed with 
ninhydrin, and the various spots identified by their Rp values in 
the above solvents. The radioactive spots corresponding to 
methionine, methionine sulfoxide, and homocystine were eluted 
from the other paper with 10 ml of 0.02 n HCl and counted 
(cf. p. 1426). 


RESULTS 


Biosynthesis of u-Cystine! from Methionine and Glucose—When 
cells were placed in a cystine-free medium supplemented with 
serum protein which had previously been treated with dithio- 
nite to remove the bound half-cystine residues, they usually 
died in 24 to 72 hours. The addition of relatively small amounts 
of cystine permitted slow growth, the maximal growth rate being 
attained at cystine concentrations of 0.01 to 0.03 mm. 


1Unless otherwise stated, the L configuration is implied 
throughout. Further the term ‘‘cystine’’ is used throughout to 
include both cystine and cysteine, unless the latter is specifically 
indicated. 
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TABLE 


Illustrating biosynthesis of cystine from glucose-C' and 
methionine-S** at low concentrations of preformed cystine 


. Cystine | Cell cystinet 

| mM | % 
Glucose-C!* (5 mm) | 0.002 18.0 50 
| 0.005 18.4 47 
0.1 17.7 10 
Methionine-S** (0.1 | 0.002 | 11.5 60 
mM) | | 10.9 25 
0.005 | 14.7 29 
0.01 19.2 16 
0.02 | 9.4 43 
0.1 19.2 1 
Cystine-S* 0.002 12.7 19 
0.01 | 9.4 69 
13.0 67 
| 23.6 42 
0.1 85 
| 14.6 79 


* In 6 to 8 days. Referred tovinoculum as 1. 
7 In newly synthesized protein. 


TABLE II 


Effect of size of inoculum on ability of HeLa cells to 
grow tn cystine-free medium 


Inoculum ‘Specific activity of proteint 


No. cells K 


| Daysof Final | 


Initial growth protein | 
per ml | | Cystine | 
medium | ee | | | 

| -|— 
30 | 15 2.99 3 | 5.65 | 32 | 48 
10 5 139 | 4 | 0.60 18 § Not done 
5 $5 | | 


* In cells which had adhered to glass after 24 hours. 

Tt Per S atom, and referred to that of precursor methionine-S** 
as 100. The paradoxically high specific activity in the protein 
methionine residues relative to the amount of growth reflects 
incorporation due to protein ‘‘turnover’’ as well as protein syn- 
thesis (cf. (19)). Free cystine-S** was not similarly available for 
turnover incorporation. 


At 0.1 mM cystine, most of the cellular cystine residues arose 
from the amino acid of the medium. Neither glucose-C™ nor 
methionine-S* effected significant labeling in the cell cystine; 
with cystine-S* in the medium, the specific activity of the cell 
cystine was essentially that of the amino acid added to the 
medium. However, at low concentrations of cystine (0.002 to 
0.01 mm) the cells synthesized 16 to 80% of their cystine residues 
de novo, the cystine carbon deriving from glucose and the sulfur 
from methionine (Table 1). Still lower concentrations of cystine 
were ineffective. As illustrated in the experiment of Table IT, 
this requirement for exogenous cystine was eliminated when the 
population density was increased to extremely high levels (20 to 
40 x 104 per ml). Under these circumstances, cystine was 


Cystine Biosynthesis by Human Cells 


being synthesized from methionine and glucose with no necessity 


for the exogenous amino acid, and the cells grew, within the | 


limits permitted by the large inoculum. The probable mech- 
anism of this population-dependent synthesis and the role of the 
exogenous cystine in permitting growth at lower population 
levels are discussed below. 

Homocysteine and Serine as Intermediates in Biosynthesis of 
Cysteine—Nutritional experiments showed that homocysteine 
and serine, or compounds deriving from them, were involved in 
the biosynthesis of cysteine from methionine and glucose. Ina 
completely cystine-free medium in which the cells otherwise 
failed to survive, continuing growth was obtained on the addition 
of 0.01 mm L-homocystine (Table III). A variety of related 
compounds (cysteamine, cystamine, taurine, D-homocystine, 
ethionine, lanthionine, mercaptoethanol) did not similarly re- 
place cystine. The function of L-homocystine therefore appeared 
to be specifically related to cystine synthesis. 

With relatively large inocula (e.g. 24 x 104 cells per ml of 
medium, equivalent to 5 X 10* cells per ml of culture surface), 
homocystine alone regularly sufficed for growth. The serine 
was then being made by the cells from glucose in amounts ade- 
quate not only for cystine synthesis, but for serine incorporation 
into protein, and its metabolic conversion to glycine, purines, 
and pyrimidines. With smaller inocula, however, exogenous 
serine also became necessary (cf. Table IV), regularly with 
inocula of 3 X 104 per ml or less, and occasionally with inocula 
of 6 to 12 X 10* per ml. When exogenous serine was necessary, 
the effective concentration varied in individual experiments 
from 0.01 to 0.04 mm (Table III); but at those levels, the cell 
was continuing to synthesize serine from glucose (cf. Table V). 

Isotope dilution experiments also showed that homocysteine 
and serine, or compounds deriving from them, were intermediates 
in the synthesis of cysteine from methionine and glucose (ef. 
Table V). The addition of t-homocystine strikingly diluted 
the incorporation of methionine-S** into cystine, a 0.01 mm 
concentration causing a 63 to 89% decrease, and a 0.1 mM 
concentration causing a 93 to 99% decrease. Even with added 
homocystine, however, significant amounts of homocystine-S* 
continued to be formed from methionine-S**, as was shown by 
the radioactivity of the medium homocystine. 

The addition of serine to the medium similarly diluted the 
incorporation of glucose-C' into cystine (Table V). Further, 
exogenous serine-C!4 was incorporated into cystine. In any one 
experiment the cellular serine and cystine residues had the same 
specific activities, within the limits of experimental error, whether 
glucose-C'4 or serine-C' was used as the labeled precursor. It 
is to be noted that alanine, also deriving from glucose, was not 
utilized for cystine synthesis. 

Demethylation of Methionine as Metabolic Activity of Cells—In 
the experiments discussed above, there was no indication whether 
the homocysteine used for cystine biosynthesis was being formed 
from methionine by the action of cellular enzymes or by its 
spontaneous degradation. With S**-labeled methionine, there 
was the further possibility of radiochemical breakdown of 
methionine to homocysteine as described by Kolousek et al. (10). 
However, under conditions in which the provision of homo- 
cysteine was growth-limiting, a 1000-fold increase in the specific 
activity of the methionine, from 0.001 to 1 we per ml of medium, 
had no effect on the rate of cellular growth. Further, the addi- 
tion of high concentrations of Na2SO,-S** (2 we per ml of medium) 
similarly had no effect on the rate of incorporation of methionine- 
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TaBLeE III 


Minimal effective concentrations of homocystine and serine for growth of 
small cell populations in cystine-free medium 


Inoculum Concentration of homocystine (or serine) in medium p 
| j centration 
Cystine precursor Cell line Cells X 104 Initial | | | P50% of | 
cell 0.001 | 0.002 | 0.005 | 0.008 0.01 | 0.02 0.05 | maximal 
per ml = protein | | | | growt 
aa | ug | ug cell protein after 6-7 days mM 
Homocystine* KB ee ae 55 45 275 | 1045 | 1275 | 1158 | 0.013 
HeLa e 14 48 42 168 600 924 | 1033 | 1033} 0.009 
Conjunctiva 3 0.6 70 67 120 267 676 964 1372 0.01 
‘‘Liver’’ 3 0.6 93 118 150 | 314 | 798 | 1195 1356 0.01 
SerinetT KB | 5 1 65 | 265 | 350 430 2285 | 2195 0.014 
HeLa | 3 0.6 38 37 126 586 | 1307 | 1761 0.035 
| 5 1.0 48 27 70 80 148 266 705 | 1093 | 1264 0.02 
*In medium containing 0.1 mm serine. 
+t In medium containing 0.1 mm homocystine. 
TABLE IV TABLE V 


Illustrating effect of population density on serine requirement for 
cellular growth in medium containing homocystine instead 
of cystine 

A suspension culture of HeLa cells was centrifuged, resuspended 
in a cystine-free medium, and 3 ml at the indicated population 
density were inoculated into culture flasks. Twenty-four hours 
later, the flasks were refed with the various media indicated in the 
table. Medium was changed on days 2, 4, 5, 6, 7, and 8 and the 
cells were harvested at the times indicated. Each value for cell 
protein in the table is the average of four replicate flasks. Di- 
alyzed serum treated with dithionite to remove bound cystine 
was used throughout (cf. page 1425). Serine and homocystine 
were both concentrated 0.1 mM. 


Final cellular protein in cystine-free 
Inoculum | medium supplemented with 
Incubation 
time 
Cells/ml X Intial H H 
added to cellular | Serine only |fOmocystine | Homocystine 
culture flask | protein* | only + serine 
meg | days | 
48 343 5 30 837 1631 
6 33 | 8 | 0) 0 1447 
3 6 9 0 819 


* In cells adhering to glass 24 hours after addition of 3 ml of 
suspension at indicated population density. 


S* into cellular cystine. Finally, when methionine-S** previ- 
ously purified by paper chromatography was incubated without 
cells at 0.25 we per ml for 24 hours under the conditions of the 
present experiments, there was no significant breakdown to 
homocysteine-S** or homocystine-S**, On paper chromatog- 
raphy and elution, 86% of the initial methionine-S** counts 
were recovered as methionine, 14% as methionine sulfoxide, and 
0.4% as homocystine. It would appear, therefore, that the 
demethylation of methionine is a metabolic activity of the cells 
themselves. 


DISCUSSION 


It is here shown that cultured human cells can synthesize 
cysteine by the classic cystathionine pathway first suggested by 


Isotope dilution experiments showing that homocysteine and serine 
(or compounds deriving from them) are intermediates in 
biosynthesis of cystine by mammalian cells 


Illustrative experiments, carried out at different times. 


Specific activities of amino acids in 
Labeled precur-| newly synthesized protein* 
mM mM 
Methionine- 0.1 Homocystine 0.01) 37, 11 99 
3s 0.1 0.1 17.4, 1.4 84, 102 
Serine-C'+ 0.1 Homocystine 0.1 22 20 0.1 
1 0.1 65 65 1.4 
Glucose-C™ 5 SerineT 0 101 105 | 94 
5 0.1 82 76 
5 1 10 7.7 82 


* Referred to that of precursor as 100, per C (or S) atom. 
+t In medium containing 0.1 mm L-homocystine to permit cys- 
teine biosynthesis. 


Brand et al. (11), and subsequently borne out for whole animals, 
liver slices, and liver extracts (12). This capacity to synthesize 
cystine from methionine and glucose by way of homocysteine 
and serine is, however, not limited to liver cells but is shared by 
many different cell types. 

Despite this biosynthetic capacity, cultured cells regularly 
failed to survive in a cystine-free medium unless (a) traces of 
preformed cystine or homocystine were added, or (6) the cell 
population density was increased to appropriate levels (20 to 
40 xX 104 per ml). Even with homocystine present, serine be- 
came additionally necessary if the population was less than 
6 10‘ per ml. The critical factor is apparently the continuing 
loss to the medium of amino acids formed by the cell until an 
equilibrium is established at a level which varies with the partic- 
ular amino acid and cell type.2 Low cell populations cannot 


2H. Eagle, K. A. Piez, and R. Fleischman, unpublished obser- 
vations. 
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synthesize the total amount necessary to ‘“‘condition’”’ the medium 
before dying as a result of what is in effect an amino acid de- 
ficiency. Even at 20 x 10 cells per ml, the volume ratio of 
cells to medium is approximately 1:1200. Since the intracellular 
concentration of most amino acids is only 2 to 10 times that in 
the surrounding fluid (13), it follows that even at this popula- 
tion density, in a medium containing only methionine and glucose 
as cystine precursors, each cell must put out at least several 
hundred times as much cystine, cystathionine, homocystine, or 
serine into the medium as is retained in the cellular pool. With 
an even smaller number of cells, the task of conditioning the 
medium with respect to its amino acid content makes even 
greater demands on the individual cell. The traces of exogenous 
amino acid serve primarily to preserve the intracellular pool of 
newly synthesized amino acids at levels consistent with the 
continuing synthesis of cystine and protein. 

It is significant in this connection that at the minimal popula- 
tion level which permitted cellular survival in a medium initially 
containing homocystine but no serine, serine was formed by the 
cells and released into the medium to a concentration of 0.01 to 
0.04 mm (15), the same as the concentration which had to be 
added to the medium in order to permit continuing growth at 
lower cell densities. 

In an analogous situation, a complete growth medium con- 
taining cystine, which permitted the growth of large cell popula- 
tions, failed to support the optimal growth of very small inocula 
unless serine was added (14). In that case, the serine concen- 
tration permitting 50% of maximal growth in 8 days was approxi- 
mately 0.005 mM, and exogenous serine became unnecessary for 
optimal growth if the inoculum exceeded approximately 10° 
cells per ml (15). The significantly higher concentrations (0.01 
to 0.04 mm) of exogenous serine necessary for growth in the 
present experiments (Table II), and the 30- to 120-fold higher 
population density at which this added serine became unneces- 
sary (Table III) probably reflect the higher intracellular con- 
centrations of serine required when the cell is under the added 
necessity of synthesizing cystine. 

The minimal population level at which cells would continue to 
synthesize cystine and to grow varied according to the experi- 
mental conditions. When cells were given only methionine and 
glucose, and therefore had to make and retain metabolically 
effective levels of serine, homocystine, cystathionine, and cystine, 
the critical population was approximately 20 to 40 x 10‘ per 
ml. If homocystine was added, the critical population reduced 
to approximately 6 to 12 xX 104 per ml. Given both homo- 
cystine and serine, the cells grew at population densities in excess 
of 10? per ml (15); and if given preformed cystine and serine, 
even a single cell in 10 ml of medium could grow out to form a 
viable clone (14). 

As will be discussed elsewhere, this population-dependent 
requirement for metabolites which cells can synthesize is not 
limited to cystine and its precursors, but has been observed with 
other “essential” growth factors as well (15). 


SUMMARY 


All the cell lines tested in these experiments died in a cystine. | 


free medium. Although traces (0.002 to 0.005 mM) of L-cystine 
or L-cystathionine permitted sustained growth, a significant 
proportion (16 to 80%) of the cystine residues in the newly 
synthesized cell protein then derived from methionine sulfur and 
glucose carbon. Somewhat higher concentrations of homo. 
cystine (0.01 mm) were similarly effective, but had to be supple- 
mented with serine (0.01 -to 0.04 mm) if the initial population 


density was less than 6 X 10‘ cells per ml. C'* and S* labeling 


experiments also indicated that t-homocystine and _ L-serine 
were metabolic intermediates in the synthesis of cystine from 
methionine and glucose, and that the cystathionine pathway is 
therefore operative in human cell cultures. 

The exogenous amino acids probably serve to preserve the 
intracellular pool of newly synthesized amino acids, which would 
otherwise be lost to the medium. At sufficiently high popula- 
tion densities these added amino acids became unnecessary, 
probably because the larger number of cells were able to condition 
the medium with respect to its amino acid concentration before 
dying of the resulting amino acid deficiency. The critical 
population density decreases in relation to the cystine precursors 
provided, from 20 to 40 x 10‘ per ml when the medium initially 
contains only methionine and glucose, to 10? per ml if the cells 
are additionally provided with homocystine and serine, and to 
less than 1 per ml if they are given preformed cystine and serine, 
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D-1, a diaminopimelic acid-requiring mutant of Escherichia 
col, has been shown to accumulate N-succiny]l-L-diaminopimelic 
acid in the medium in which it is grown (1). This compound 
is an intermediate in the biosynthesis of diaminopimelic acid. 
The accumulation was detected by the reaction given by the 
compound in a colorimetric assay originally designed to deter- 
mine diaminopimelic acid (1). While isolating N-succinyl-L- 
diaminopimelic acid, we observed that D-1 produced an addi- 
tional chromogenic compound. Inasmuchasauxotrophic mutants 
often accumulate several of the compounds preceding the meta- 
bolic block, it appeared that the chromogenic material might 
be related to the diaminopimelate metabolic pathway. It was 
possible to isolate the compound from D-1 growth media. This 
paper will be concerned with its isolation and characterization 
as N-succinyl-L-a-amino-e-ketopimelic acid. Preliminary re- 
ports of these findings have appeared (2). 


EXPERIMENTAL PROCEDURE AND RESULTS 


One of the steps in the isolation of N-succinyl-L-diamino- 
pimelic acid is the preparation of the alcohol-insoluble barium 
salts from the medium in which the diaminopimelic auxotroph 
(D-1) has been grown (1). These compounds are placed on a 
column of Dowex 50-H*+, which retains the N-succinyl-.-dia- 
minopimelate, allowing the substances which do not possess a 
net positive charge to pass into the effluent. 

The positive response to an acidic ninhydrin assay led to a 
further examination of the compounds in the effluent. The 
presence of a-keto acid was detected by means of the Friede- 
mann-Haugen assay (3). Further, acid hydrolysis resulted in 
the release of succinic acid from a bound form, and incubation 
of the effuent with an extract prepared from an E. coli lysine- 
requiring mutant (§]M-26-26) resulted in diaminopimelate forma- 
tion when glutamate was added as an amino group donor. 
These suggestive observations made it mandatory to fractionate 
the compounds of the effluent to determine if these properties 
were the attributes of a single compound. 

Assay Methods—Because it was suspected that the compound 
of interest would be an a-keto acid, in the first attempts at 
isolation all fractions were tested with a modified Friedemann- 
Haugen assay. Samples of 1 ml were incubated for 10 minutes 
with a 0.1% solution of 2,4-dinitrophenylhydrazine in 2 nN HCl 
after which 3 ml of 2.7 n KOH were added. This secures a 
final hydroxide concentration of 1.2 N which has been found to 
be optimal for color development with this hydrazone. The 
haze which develops upon standing in such mixtures can be 


* Supported by a grant (A-742) from the National Institute for 
Arthritis and Metabolic Diseases, National Institutes of Health. 
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avoided by making up the alkali in 50% alcohol (carbony]-free!). 
The alcohol prevents the precipitation of the water-insoluble 
decomposition products of the excess 2,4-dinitrophenylhydra- 
zine. 

Later, with the availability of partially purified preparations 
of N-succinyl-L-diaminopimelic deacylase (4) and the trans- 
aminase reported on in the following paper (5), fractions were 
assaved by conversion to diaminopimelic acid which was deter- 
mined with acidic ninhydrin as described previously (1). It 
should be noted that the enzymatic conversion can also be 
carried out with unfractionated extracts of the EF. coli lysine 
requirer, M-26-26. Such extracts possess transaminase and 
deacylase activity but do not contain diaminopimelic acid de- 
carboxylase, and hence any diaminopimelic acid formed is not 
metabolized further to lysine. 

For assay purposes, aliquots of the initial fractions were 
passed through a small column of Dowex 50-H+ (7 x 50 mm) 
to remove N-succinyl-L-diaminopimelate. This step was not 
necessary after the point in the isolation procedure where 
Dowex 50 had been used. The column effluents were neu- 
tralized with KHCO;. To 0.07 ml of effluent was added 0.06 
ml of a stock solution containing 10 uwmoles of Tris, pH 8.1, 2 
umoles of potassium L-glutamate, 0.04 umole of CoCl:, and 
sufficient transaminase and deacylase to catalyze the formation 
of 0.05 umole of diaminopimelic acid each minute. The mixture 
was incubated for 1 and 2 hours at 37° and the diaminopimelic 
acid formed determined as indicated above. 

Mutant D-1, the composition of the growth media and the 
conditions favorable to the accumulation as well as the isolation 
of the alcohol-insoluble barium salts from such growth media 
have all been described previously (1). 

Preparation of Lithium Salt—Of the alcohol-insoluble barium 
salts obtained from 9.6 liters of D-1 growth media, 12 g were 
dissolved in 30 ml of water, and the resulting solution was 
clarified by centrifugation. The supernatant solution was then 
passed through a column of Dowex 50 (13.5 X 2.3 em) in the 
H+ form at the rate of 0.5 ml per minute, with water as the wash 
fluid. The pH of the effluent was adjusted to 6.0 with KHCOQ3. 
This solution was then placed on a column of Dowex 1 (30 x 
4.5 cm) in the Cl- form. A gradient elution system of 2.7 
liters of 0.6 m LiCl in the reservoir and 2.7 liters of 0.3 m LiCl 
in the mixing chamber was used. For the first liter, a flow rate 
of 3 ml per minute was used, after which the flow rate was re- 
duced to 1 ml per minute. A survey of the fractions for a-keto 
acids with 2,4-dinitrophenylhydrazine and alkali revealed two 
bands of positive reacting material. The active substance in 
the first and smaller band between 1400 and 1625 ml was tenta- 
tively identified as a-ketoglutarate. A band 5 times larger was 
eluted between 1680 and 2110 ml. The fractions composing 
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TABLE 
Isolation of N-succinyl-a-amino-e-ketopimelate 


Fraction | Enzyme assay Yield 

mmoles % 

Growth media supernatant (9.6 liters). 100 
Alcohol-insoluble barium salts (12 g). | 6.18 | 77 
| 3.50 44 


Lithium salt (0.82 g). . 


the larger band were concentrated to a volume of 17 ml, under 
reduced pressure, which was added dropwise with stirring to 
340 ml of a mixture of alcohol-acetone (1:2) at room tempera- 
ture. The resulting precipitate was filtered, dissolved, and re- 
precipitated in the same manner: yield, 0.82 g. A summary 
of the isolation procedure is given in Table I. 

The final product was a white, amorphous, hydroscopic pow- 
der. In different preparations, its purity varied from 8&3 to 
92°,. The impurities are largely coprecipitated LiCl and 
organic solvent. Chromatography with water-saturated buta- 
nol-5% acetic acid indicated the presence of only one bromo- 
thymol blue-positive acidic substance of Ry = 0.1. The sub- 
stance of this Rp also gave a positive a-keto acid test, when 
sprayed with 2 ,4-dinitrophenylhydrazine followed by alkali. 

Proof of Structure—The detection of a bound form of succinate 
had in part prompted a closer scrutiny of the compound in the 
Dowex 50 effluent. For this reason the compound was hydro- 
lyzed and its succinate content determined. For this purpose, 
75.2 mg of a lithium salt sample were heated under reflux with 
5 ml of 3 N HCl for 6 hours. An aliquot was assayed with 
succinoxidase (6) before and after the hydrolysis. The lithium 
salt contained no free succinate, but 26.1 mg of succinic acid 
were liberated on hydrolysis. The hydrolysate was subjected 
to continuous extraction with ether for 3 hours and the ether 
was evaporated to dryness yielding 25.5 mg of a crystalline 
residue. This residue was dissolved in 2 ml of acetone and re- 
crystallized by the addition of 2 ml of carbon tetrachloride: 
yield 15.3 mg, m.p. 185-186°, undepressed on admixture with 
authentic succinic acid. 

2, 4-Dinitrophenylhydrazone—Attempts to obtain crystals of 
the lithium salt or of the free acid were unsuccessful; attention 
was therefore turned to a derivative form that could be crystal- 
lized for analytical purposes. ‘To this end, 105 mg of the lithium 
salt were dissolved in 24 ml of 1 N HCl, and 53 mg of 2,4-dini- 
trophenylhydrazine were added to the stirred solution. After 
1 hour, an additional 15 mg of 2,4-dinitrophenylhydrazine dis- 
solved in 0.5 ml of syrupy phosphoric acid was added and the 
solution was left at 4° overnight. A yield of 125 mg of yellow 
crystals was obtained. These could be dissolved in 5 ml of 
water by addition of 53 mg of KHCO,, filtered and recrystallized 
by the addition of 0.132 ml of 4 N HCI: yield, 107 mg. 

The 2 ,4-dinitrophenylhydrazone can be obtained in crystalline 
form as the monoammonium salt as well as the free acid; 42 mg 
were dissolved in 1 ml of water upon addition of 0.063 ml of 
2.84 n NH,OH. Crystals of the monoammonium salt formed 
at room temperature upon addition of 0.020 ml of 4.31 Nn HCl: 
yield, 28 mg; m.p. with decomposition 162-165°. Of the mono- 
ammonium salt, 25 mg were dissolved in 2.0 ml of hot water 
and converted to the free acid by the addition of 0.015 ml of 


Succinyl-amino-ketopimelate 
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4.31 nN HCI: yield, 17 mg; yellow needles; m.p. with decomposi- 
tion 137-143°. 


Ci7H190uN5 


Calculated: C 43.5, H 4.05, N 14.9 
Found: C 43.2, H 4.26, N 15.1 


Conversion to N-Succinyl-Diaminopimelate—The occurrence 
of an additional compound in the growth medium of the mutant 
in which N-succinyl-L-diaminopimelic acid accumulates sug- 
gested a related structure for the compound, and this surmise 
had been strengthened upon finding bound succinate as part of 
the molecule. Inasmuch as the compound is an a-keto acid, 
it seemed most probable that it was .V-succinyl-a-amino-e- 
ketopimelate. This formulation is consistent with all findings 
related to the compound. In order to provide more conclusive 
evidence for the proposed structure, the keto compound was 
converted to N-succinyl diaminopimelic acid by established 
chemical procedures (7). 

A sample of 13.2 mg of the 2,4-dinitrophenylhydrazone of 
the keto compound was dissolved in 10 ml of H:O, 23 mg of 
PtO were added, and the mixture was vigorously stirred at room 
temperature under one atmosphere of H»2 for 2 hours. Colori- 
metric assay (1) for N-succinyl diaminopimelate indicated a 
60% vield. The yield and nature of the product were confirmed 
by showing that it could serve as a substrate for a purified 
preparation of N-succinyl-L-diaminopimelic acid deacylase. All 
of the N-succinyl-diaminopimelic acid was hydrolyzed by the 
deacylase. One would expect that the reduction of the hydra- 
zone should produce both the p and L configuration at the newly 
formed a@-amino acid, hence the product should be a mixture of 
N-succinyl-L-diaminopimelic acid and a-N-succinyl-a-L-e-p-dia- 
minopimelic acid. However, the fact that both of the expected 
isomers are decomposed by the deacylase is not unexpected 
since it has been shown that one of the two isomers of synthetic 
N-succinyl-meso-diaminopimelic acid is a substrate for the 
deacylase (4). 

Synthesis of Keto Compound—The work of Metzler and Snell 
(8) has established the feasibility of converting a-amino acids 
to a-keto acids by heating them with pyridoxal in the presence 
of metal. This reaction was utilized, and it was indeed possible 
to convert N-succinyl-L-diaminopimelate to the keto compound. 

A mixture of 400 uwmoles of the diammonium salt of N-suc- 
cinyl-L-diaminopimelic acid, 400 wmoles of aluminum sulfate, 
800 umoles of pyridoxal hydrochloride, and 10 mmoles of potas- 
sium acetate buffer, pH 4.5, in a total volume of 38 ml, were 
heated at 92° for 15 minutes. A precipitate formed and was 
removed by centrifugation. The enzymatic assay indicated 
that a 20% yield of the keto compound is obtained at this stage. 
The supernatant solution was passed through a Dowex 50-H* 
column (1 X 15 cm). Barium carbonate was added to the 
effluent solution to neutralize it, the excess was removed by cen- 
trifugation, and 2.5 volumes of ethanol (137 ml) were added to 
the supernatant solution. After removal by centrifugation, the 
resultant barium salt was dissolved in 3 ml of water and repre- 
cipitated with 7.5 ml of alcohol: yield, 14 mg. The 2,4-dinitro- 
phenylhydrazine assay indicated 1.6 umoles of keto compound 
per mg, whereas the enzymatic assay gave 1.5 wmoles per mg. 
This corresponds to a purity of the barium salt of 74% and an 
over-all yield of 5%. The barium salt was converted to the 
lithium form by passage through a lithium Dowex 50 column. 
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It was not possible to distinguish the synthetic and the natural 
compound by paper chromatography in several solvent systems. 

The interconversion of the keto compound and N-succinyl- 
t-diaminopimelate referred to above has also been carried out 
in both directions with the purified transaminase from EF. coli 
described in the following paper (5). 

Properties—When diaminopimelic acid is heated with an 
acidic ninhydrin solution, a yellow color is rapidly formed. 
With .V-succinyl diaminopimelate, a similar color is obtained, 
but only after a pronounced time lag. However, after 20 min- 
utes of heating, 57% as much color is developed as with diamino- 
pimelate. N-succinyl-a-amino-e-ketopimelate is considerably 
less chromogenic. In 20 minutes, only 3°% as much color is 
formed as compared to diaminopimelate. 

The reactions of the keto group are those expected of a car- 
bony! function alpha to a carboxyl group. It reacts with 2,4- 
dinitrophenylhydrazine at a rate comparable to pyruvic acid. 
The resultant hydrazone has absorption maxima at 265 and 380 
mu. After alkalinization with 1.2 nN NaOH, the absorption at 
5340 mu in the Klett-Summerson colorimeter is 84% of that 
obtained with the 2,4-dinitrophenylhydrazone of pyruvate. 

The succinyl group is rather more labile to acid hydrolysis 
than would be anticipated for a peptide type bond. In 4 N 
HC! at 100°, the bond has a half-life of approximately 15 min- 
utes. 


DISCUSSION 


Evidence has been presented that the EF. coli mutant D-1 
excretes large amounts of N-succinyl-a-amino-e-ketopimelic acid 
in addition to the previously recognized accumulation of N-suc- 
cinyl-L-diaminopimelate. The accumulation of N-succinyl-L- 
diaminopimelate is consistent with two observations, (a) that 
D-1 differs from the wild type in its absolute nutritional require- 
ment for diaminopimelic acid, and (6), that N-succinyl-L-diam- 
inopimelate deacylase is absent from extracts prepared from 
D-1. These observations are most easily interpreted if N-suc- 
cinyl-L-diaminopimelate is regarded as being an intermediate 
in diaminopimelate synthesis. Inasmuch as auxotrophic mu- 
tants often accumulate several of the intermediates before the 
metabolic block, this interpretation has been extended to N-suc- 
cinyl-a-amino-e-ketopimelate as well. Additional support for 
that interpretation is presented in the following paper (5). 

There are several aspects of the structure of the keto com- 
pound itself which enhance the likelihood that it, too, is an 
intermediate in diaminopimelate synthesis. In analogy with 
the occurrence of N-acetylornithine in the pathway of biosyn- 
thesis of ornithine (9), the finding of N-succiny]-L-diamino- 
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pimelate prompted the prediction of the existence of intermedi- 
ates in the diaminopimelate pathway capable of spontaneous 
cyclization in the absence of the blocking group. The keto 
compound fulfills that criterion. Removal of the succinyl] side 
chain would result in the formation of A!-2,6-piperidine dicar- 
boxyliec acid. Furthermore, the finding that pyruvic acid and 
aspartic acids provide the carbon skeleton for diaminopimelate 
(1) suggested a condensation of these two molecules to a pimelic 
acid derivative with an a-amino and e-keto group. This sugges- 
tion is strengthened by the observation that aspartic acid is in- 
deed the precursor of that end of the diaminopimelate chain 
which carries the succinyl group (10). 

The accumulation of compounds by auxotrophic mutants, 
one or more steps removed from the site of the metabolic block, 
has often been observed. In fact, another example of such a 
situation is to be found in the diaminopimelate pathway itself. 
M-26-26, which lacks the decarboxylase that attacks meso- 
diaminopimelic acid, excretes almost as much L as meso-diamino- 
pimelic acid (11). 


SUMMARY 


D-1, a diaminopimelic acid-requiring mutant of Escherichia 
coli, has been shown to accumulate N-succinyl-a-amino-e-oxo- 
pimelic acid as well as the previously recognized N-succinyl-L- 
diaminopimelic acid. The former compound has been isolated 
from D-1 growth media. Proof of the structure and a chemical 
synthesis of this compound are presented. 
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Diaminopimelic acid is the immediate precursor of L-lysine 
in bacterial metabolism (1, 2) and also occurs as a cell wall con- 
stituent of various microorganisms. During a study of diamino- 
pimelic acid biosynthesis, a mutant of the W strain of Escherichia 
coli, D-1, was isolated which required that amino acid for growth 
(3). Two compounds, N-succinyl-L-diaminopimelic acid and 
smaller amounts of its keto analogue, N-succinyl-a-amino-e- 
ketopimelic acid, were isolated from the culture medium of the 
mutant (3). It was possible to demonstrate two enzyme ac- 
tivities involving these compounds in E. colt wild-type extracts, 
a deacylase (4) which catalyzed the hydrolysis of N-succinyl-t- 
diaminopimelate to succinate and L-diaminopimelate, and a 
transaminase which catalyzed the interconversion of the amino 
acid and its keto analogue according to Equation 1: 


N-succinyl-a-amino-e-ketopimelate + L-glutamate = 
N-succinyl-L-diaminopimelate + a-ketoglutarate (1) 


The deacylase was absent from D-1 extracts, whereas the trans- 
aminase was present. : 

The absence of the deacylase from D-1, and the accumulation 
of its substrate by that mutant provided evidence that firmly 
established N-succinyl-L-diaminopimelic acid as a precursor of 
diaminopimelic acid. Such evidence for the biosynthetic role 
of N-succinyl-a-amino-e-ketopimelic acid and its transaminase 
does not exist, however, because a mutant blocked at the trans- 
amination step is not available. Indeed, the occurrence of 
N-succinyl-a-amino-e-ketopimelic acid in D-1 culture media 
might be the result of a nonspecific enzyme activity manifested 
only under the unusual condition of N-succinyl-L-diaminopimelic 
acid accumulation. Purification of the transaminase was under- 
taken in order to investigate this possibility more thoroughly. 
By distinction of its activity from other transaminases of E. 
colt, and from the study of its properties and distribution, the 
transaminase has been more clearly defined as a biosynthetic en- 
zyme. 


EXPERIMENTAL PROCEDURE 


Materials—N-succinyl-a-amino-e-ketopimelic acid was _ iso- 
lated and purified from culture filtrates of EF. coli mutant D-1 
by precipitation as the barium salt and subsequent chromatog- 
raphy on Dowex 50 and Dowex 1 columns (3). It was obtained 


* Supported by a grant (A-742) from the National Institute for 
Arthritis and Metabolic Diseases. The experimental part of this 
paper was taken from a dissertation submitted by Beverly Peter- 
kofsky to the Graduate School of New York University in partial 
fulfillment of the requirement for the degree of Master of Science. 

+ Senior Research Fellow of the United States Public Health 
Service. 


as a lithium salt. The purity of different preparations varied 


from 83 to 92%. 


Purity was determined by complete conver- | 


sion to diaminopimelic acid through the action of N-succinyl- | 


L-diaminopimelate transaminase and _ WN-succinyl-L-diamino- 
pimelic acid deacylase. N-succinyl-L-diaminopimelic acid was 
also isolated and purified from D-1 culture filtrates (3). Mono- 
N-2 ,4-dinitrophenyl-L-diaminopimelic acid was synthesized by 


dinitrophenylation of N-succinyl-L-diaminopimelic acid accord- 


ing to the method of Sanger (5), with subsequent removal of the 
succinyl residue by hydrolysis in 6 N HCl. The compound was 
twice recrystallized from water. a-N-Acetyl-L-ornithine was a 
gift of Dr. H. J. Vogel. 

The following chemicals were purchased from commercial 
sources: p-hydroxyphenylpyruvic acid from Nutritional Bio- 
chemicals Corporation; a-ketoglutaric acid from the Aldrich 
Chemical Corporation; sodium a-ketoisovalerate and pyridoxal 
phosphate from the California Corporation for Biochemical 


| 


Research; DPNH from the Pabst Laboratories; DEAE-cellulose _ 


from Eastman Organic Chemicals. 


Keilin and Hartree (7). 


genase was a gift of Dr. Harold Strecker. 
diaminopimelic acid deacylase used was prepared by Dr. 8. 
Kindler (4). It had a specific activity of 1.3 wmoles per minute 
per mg and its protein concentration was 4.8 mg per ml. 


Cultures and Extract Preparations—Various cultures were re- | 


ceived as gifts: M-26-26, a lysine-requiring mutant of E. coli 
(strain W) from Dr. B. D. Davis; M-42-37, an isoleucine and 
valine-requiring mutant of E. coli (W) from Dr. W. Maas; Lac- 


tobacillus arabinosus, from Dr. H. B. Gillespie; Lactobacillus — 


casei from the Microbiology Department of New York Univer- 
sity; Azotobacter vinelandii and Alcaligenes faecalis cultures were 
strains in use in this Department. Mutant D-1 was isolated in 
this laboratory (3). An extract of Euglena gracilis was obtained 
from Dr. A. Peterkofsky, cells of the blue-green algae Nostoc 


muscorum from Dr. B. Petrak, and cells of Streptococcus C-2035 | 


from Miss Jeanette Winter. 

Mutants of FE. coli W were grown in medium A of Davis and 
Mingioli (8) with 0.5% glucose and the necessary supplements 
of amino acids; for M-26-26, medium A was enriched with 0.2% 
Difco yeast extract plus 0.2% Sheffield N-Z-Case; for M-42-3/, 
20 wg per ml of pL-isoleucine plus 20 wg per ml of pt-valine 
were added. The lactobacilli were grown in the enriched me- 
dium of Henderson and Snell (9). 4. faecalis was grown on 2% 


tryptone plus 0.5% yeast extract; Azotobacter on the medium of | 


Burk (10). Extracts of other microorganisms used in the dis- 
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Calcium phosphate gels © 
were prepared by the methods of Swingle and Tiselius (6) or — 
Enzyme preparations were obtained | 
from the following sources: malic dehydrogenase was purchased — 
from Worthington Biochemical Corporation; lactic dehydro- | 
genase was a gift of Dr. Severo Ochoa; and glutamic dehydro- | 
The N-succinyl-L- 
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tribution study were prepared by Kindler (4) during a study of 
N-succinyl-L-diaminopimelic acid deacylase. 

Extracts of all cells were prepared in a similar fashion. The 
cells were harvested in the logarithmic phase of growth by chill- 
ing the medium to 0°, which was then centrifuged at 18,000 x g 
for 10 minutes. The cells were washed with cold 0.03 m po- 
tassium phosphate buffer, pH 7, or 0.02 m Tris buffer, pH 8, and 
then resuspended in an approximately equal volume of 0.02 m 
Tris. The suspension was treated in a Raytheon 10 ke sonic 
oscillator for a time sufficient to disrupt the cells, usually 6 to 
10 minutes. Streptococci required 30 minutes of exposure. 
The sonic extracts were centrifuged at 18,000 x g for 20 minutes 
in the Servall centrifuge and the supernatant solutions retained. 

The E. coli M-26-26 extract used for purification purposes was 
part of a large batch prepared a year earlier on a 100-liter scale 
ina vat fermenter. The cells were harvested by centrifuging in 
a large Sharples centrifuge and from that point on the prepara- 
tion was as described above. The activity of this extract after 
being stored at —15° for a year was comparable to that-of a 
freshly prepared extract. 

Analytical Methods—Protein concentrations were determined 
by the spectrophotometric method of Warburg and Christian 
(11). N-Succinyl-t-diaminopimelic acid and diaminopimelic 
acid were measured colorimetrically by an acid ninhydrin 
method the details of which are published elsewhere (3). Tyro- 
sine was also measured by this method, but the heating period 
was extended to 30 minutes. A yellow color was obtained which 
had a slightly lower maximal absorption wave length than that 
obtained from diaminopimelic acid, but it was conveniently 
measured at 420 my in the Klett-Summerson colorimeter. In 
30 minutes, tyrosine gives one-fourth of the color given by an 
equimolar amount of diaminopimelic acid in 20 minutes. a-Ke- 
toglutarate was determined by using glutamic dehydrogenase, 
or by the transaminase A-malic dehydrogenase coupled system 
described below. Transaminase-A has been described by Rud- 
man and Meister (19). 

Transaminase Assays—The reverse direction of the N-suc- 
ciny] - L-diaminopimelic-glutamic transaminase reaction was 
measured by following the disappearance of the color produced 
by N-succinyl-L-diaminopimelic acid in the acidic ninhydrin 
assay. The total number of micromoles which disappear can 
be calculated by assuming that N-succinyl-L-diaminopimelic acid 
gives 57% of the color produced by an equimolar quantity of 
diaminopimelic acid in 20 minutes. For some studies, the for- 
ward reaction (see Reaction 1) was measured by using glutamic 
dehydrogenase to determine the a-ketoglutarate formed. The 
same concentrations were used as in the routine assay system 
described in the purification section with the omission of deacyl- 
ase and CoCl2, and the system was coupled with the glutamic 
dehydrogenase assay system of Snoke (12). 

Transaminase A was measured by two methods. One was 
used primarily for crude extracts and involved measuring the 
tyrosine formed from the transamination of p-hydroxypheny]l- 
pyruvate with glutamic acid, whereas the other was a spectro- 
photometric assay which coupled aspartic acid transamination 
to the reduction of oxaloacetate catalyzed by malic dehydro- 
genase. The DPNH oxidized was measured at 340 mu. The 
latter assay is essentially the same as the serum transaminase 
assay of Karmen (13). It was useful with purified fractions. 
Transaminase B was detected qualitatively by a spectrophoto- 


Metric determination of the a-ketocaproic acid formed from the 
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transamination of norleucine and a-ketoglutarate. The reac- 
tion was run at pH 7.4 with approximately equimolar amounts 
of substrates, and was stopped by boiling the solution for 3 
minutes. After being centrifuged, the supernatant solution was 
assayed by the lactic dehydrogenase system of Meister (14). 
The enzyme was also detected chromatographically, glutamate 
formation being used as an indication of activity. Valine-ala- 
nine transaminase was detected by a direct coupling to lactic 
dehydrogenase. With a-ketoisovaleric acid and -alanine as 
reactants, DPNH oxidation was measured at 340 my in 100 
umoles of KPO, buffer, pH 7.4; 200 uwmoles of pi-alanine; 20 
umoles of sodium a-ketoisovalerate; transaminase; 0.2 mg of 
DPNH, and lactic dehydrogenase in a 1 ml reaction volume. 

Descending chromatography of amino acids was carried out 
in the solvent of Rhuland e¢ al. (15). All spectrophotometric 
measurements were performed in a Beckman model DU spectro- 
photometer. 

Isolation of Enzyme—The transaminase (Reaction 1) was 
assayed in the forward direction by coupling it with the irre- 
versible N-succinyl-L-diaminopimelic acid deacylase reaction 
(Reaction 2) to give Reaction 3 as the net result. 


N-Succinyl-a-amino-e-ketopimelic acid + L-glutamate — 
N-succinyl-L-diaminopimelic acid + a-ketoglutarate 


(1) 


acid — 
L-diaminopimelic acid + succinate 


(2) 


N-Succinyl-a-amino-e-ketopimelic acid + L-glutamate — 
L-diaminopimelic acid + succinate + a-ketoglutarate 


(3) 


The diaminopimelic acid formed after a 15-minute incubation 
period was measured by the acidic ninhydrin method (3). The 
procedure followed was to make up a stock solution consisting 
of substrates, buffer, and cofactor in the following proportions: 
1 volume of Tris buffer, pH 8, 1 mM; 1 volume of N-succinyl-a- 
amino-e-ketopimelic acid, 20 mg per ml; 2 volumes of potassium- 
L-glutamate, 0.1 M; and 1 volume of CoCls, 0.004 m. Cot+ isa 
cofactor for the deacylase. The stock solution is stable for a 
week if kept at —15°. The assay was set up in test tubes con- 
taining: stock solution, 0.05 ml; deacylase, 0.02 ml; transami- 
nase, 0.06 ml. The tubes were incubated for 15 minutes at 
37°, after which time 0.47 ml of acidic ninhydrin reagent was 
added. The tubes were shaken well and placed in a vigorously 
boiling water bath for exactly 5 minutes, when they were re- 
moved and chilled in an ice-water bath. The 5-minute heating 
period was used in order to reduce the chromogenicity of N-suc- 
cinyl-a-amino-e-ketopimelic acid. After correction for the color 
contribution of the stock solution and the slight transaminase 
activity of the deacylase preparation, the potential 20-minute 
color activity of diaminopimelic acid could be calculated; 60% 
of the maximal color was obtained in 5 minutes. By using 
this 20-minute value, the total number of micromoles formed 
could be calculated. A unit of enzyme was defined as that 
amount of enzyme which will catalyze the formation of 1 umole 
of N-succinyl-L-diaminopimelic acid per minute, and the specific 
activity was expressed as units per milligram of protein. Be- 
cause the rate of diaminopimelic acid formation in the assay 
must not be dependent on the amount of deacylase added, it 
was necessary to determine the amount of transaminase activity 
which could be accommodated by a fixed quantity of deacylase. 
The results of such a determination are shown in Fig. 1. Trans- 
aminase preparations were diluted so that Klett readings at 420 
my would not exceed 200. 
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Fic. 1. Linearity of succinyl-diaminopimelic transaminase 


assay with 0.125 unit of deacylase; colorimetric determination de- 
seribed in text. 


TABLE I 
N-Succtnyl-L-diaminopimelic-glutamic transaminase purification 


| 
Protein Total 280 Specific 


Re- 
Fraction units 260 mz activity 

| mg/ml | | | % 

Initial extract...........20.0 11.1. 0.50 | 0.048 100 
Mn supernatant I....... 3.52 | 9.9 0.68 0.244 89 
Mn supernatant IT...... 1.58 6.5 0.50 0.372 59 
Dialyzed supernatant... 1.18 5.2 0.83 0.480 53 

DEAE-cellulose column | | 
0.082 4.1 1.50 5.33 42 
Purification 


All steps were carried out at 0-4° unless otherwise noted. 

1. Initial Extracts—These were prepared as described in a 
previous section. Purification was first undertaken from an 
M-26-26 extract that had been stored at —15° for 1 year, but 
later all steps were repeated with a freshly prepared extract 
and found to be reproducible. The mutant M-26-26 was used 
as a source of the transaminase because it lacks diaminopimelic 
acid decarboxylase which converts meso-diaminopimelic acid 
to L-lysine (1, 2), although it contains diaminopimelic acid 
racemase (also present in wild type) which interconverts L-dia- 
minopimelic acid and meso-diaminopimelic acid (16). The 
transaminase assay, in which L-diaminopimelic acid was the 
final product, could then be carried out in crude fractions of 
M-26-26 without loss of the product, as would occur with ex- 
tracts of wild-type organisms. 

2. MnCl. Precipitation—The extract, usually with a protein 
concentration of 50 to 70 mg per ml, was diluted with 0.02 m 
Tris to 20 mg per ml. A volume of 1 M MnCl, equal to 35 the 
volume of diluted extract, was added dropwise with constant 
stirring. A voluminous precipitate formed, and the mixture 
was allowed to stand for 2 hours. It was then centrifuged at 
18,000 x g for 10 minutes, and the supernatant solution (Mn 
Supernatant I) was collected and stored at —15°, after addition 
of 5 to 10 wg per ml of pyridoxal phosphate to prevent loss of 
activity. 

3. Freezing and Thawing—The previously stored Mn Super- 
natant I was thawed, resulting in further precipitation which 


N-Succinyl-L-Diaminopimelic Transaminase 


Vol. 236, No. 5 


was removed by centrifugation as before. The resulting Mn 
Supernatant II was collected. If desired, the freezing and 
thawing may be accomplished rapidly by swirling Mn Superna- 
tant I in a flask placed in an acetone-Dry Ice mixture and 
thawing immediately after complete freezing has been achieved, 

4. Dialysis—Overnight dialysis of Mn Supernatant II was 
carried out against 50 to 70 volumes of 0.01 m Tris buffer, pH 
8. This served to remove Mn*+ ions and small molecules con- 
tributing to ultraviolet absorption at 260 mu. It also reduced 
the buffer concentration in preparation for application to a 
DEAE-cellulose column. During dialysis, a precipitate formed 
which was removed by centrifugation. It was advisable not 
to store the enzyme at this point, but to proceed immediately 


to the next step. Freezing resulted in a loss of activity and | 


further precipitation of protein, which necessitated removing 
to prevent clogging of the DEAE-cellulose column. 

5. Column Chromatography—The DEAE-cellulose was equili- 
brated with about 10 volumes of 0.2 m Tris buffer, pH 8, and 
then washed repeatedly with large volumes of 0.01 m Tris buffer, 
pH 8, until the pH of the wash buffer was the same as the origi- 
nal buffer, as measured by a pH meter. The DEAE-cellulose 
is then suspended in the buffer and poured into a glass column, 
finally lowering a Norton filter disk on the top to maintain a 
firm level surface. The dialyzed supernatant was applied to 
the top of the column and could go on at a rate as fast as the 
column would allow (about 1.5 ml per minute). It was washed 
in with 0.01'm Tris buffer, pH 8, and then gradient elution was 
started, with a system composed of 1 volume of 0.5 M KCl in 
the reservoir and 1 volume of 0.01 m Tris buffer, pH 8.0, in the 
mixer. The volumes used depended on the size of the column 


and could be calculated by multiplying the volume of the column — 


by a factor of 14. Fractions were collected and assayed for 
transaminase. The most active fractions were combined for 
concentration on Tiselius gel. If fractions are to be frozen be- 
fore concentration, pyridoxal phosphate should be added. As 
much as 83 mg of protein was put on a 32 & 1-cm column. 

6. Concentration of Proteen—The combined active fractions 
are acidified to pH 5.3 with 0.03 ml of 0.2 N acetic acid per ml 
of enzyme solution. The acidified enzyme solution is passed 
over a small column of Tiselius calcium phosphate gel. The 
capacity of the gel is about 7 mg of protein per 54 mg (1 ml) of 
gel. The enzyme was eluted with 0.1 mM phosphate buffer, pH 
8. This step resulted in a 10-fold concentration of protein with 
no apparent purification of the enzyme. A summary of the 
scheme is given in Table I. The average purification in this 
ease was 110-fold, although the most active fraction was puri- 
fied 140-fold. 


RESULTS 


Differentiation of Transaminases—Three major transaminases 
of E. coli have been described by Rudman and Meister (17). 
They are transaminases A and B and valine-alanine transami- 
nase. Separation of N-succinyl-L-diaminopimelate transami- 
nase activity from transaminase A activity was achieved during 
column chromatography. A typical elution pattern showing 
the separation of two peaks of activity is shown in Fig. 
2. Transaminase B, however, could not be separated by the 
column, and a different method was used to differentiate the 
transaminase from transaminase B. 

Rudman and Meister showed that M-42-37 does not contain 
transaminase B, a condition which determines its nutritional 
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requirements for valine and isoleucine. Extracts of this organ- 
ism and M-26-26 were assayed for transaminase B, N-succinyl- 
t-diaminopimelate transaminase, and transaminase A. Trans- 
aminase B was assayed by chromatographic identification of the 
glutamate formed from L-valine and a-ketoglutarate as sub- 
strates. Controls were run which contained glutamate in the 
incubation mixture to assure detection of small amounts of that 
compound. In Table II, showing the results of the comparative 
experiment, the absence of transaminase B and the presence of 
N-succinyl-L-diaminopimelate transaminase in M-42-37 is indi- 
cated clearly, whereas both are present in M-26-26. Transami- 
nase A was also present in both organisms. 

Differentiation from valine-alanine transaminase could be 
inferred from the studies on substrate specificity and from the 
minimal pH values of elution of the two enzymes from calcium 
phosphate gel. Neither valine nor alanine is a substrate of 
N-succinyl-L-diaminopimelate transaminase (Table III). Elu- 
tion from calcium phosphate gel begins at pH 6.5 for valine- 
alanine transaminase, whereas for N-succinyl-L-diaminopimelate 
transaminase it begins as low as pH 6.0. Differentiation from 
a fourth enzyme, a-N-acetyl-L-ornithine transaminase (18, 19), 
was achieved on the basis of the inactivity of N-succinyl-L-dia- 
minopimelate transaminase with a-N-acetyl-L-ornithine (see 
Table III). 

Identification of Reaction Product—A 0.50 ml quantity of a 
reaction mixture containing 100 uwmoles of Tris buffer, pH 8.0, 
24 pmoles of N-succinyl-a-amino-e-ketopimelate, 5 umoles of 
L-glutamate, and 75 wg of purified transaminase was incubated 
for 1 hour at 37° and the reaction stopped with 300 umoles of 
HCl. A duplicate reaction mixture was stopped at zero time 
as a control. The solutions were diluted 1:10 and desalted on 
a Dowex 50 column (H+ form), eluting with 1 nN NH,OH. The 
eluent of the 1l-hour sample containing N-succinyl-diamino- 
pimelic acid (as shown by chromatography and the action of 
deacylase) was hydrolyzed for 25 hours in 3 nN HCl at 100°. 
After removal of excess HCl under reduced pressure, the sample 
was examined by paper chromatography, with use of the Rhu- 
land solvent (15) which separates meso- and L-diaminopimelic 
acid. Both of these compounds were used as references, and 
cochromatography with each of them was also carried out. The 
resulting chromatogram indicated that the hydrolysis product 
was L-diaminopimelic acid, therefore the transamination product 
must be acid. 
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Fig. 2. Elution pattern of DEAE column chromatography. 
protein concentration; @——@, succinyl-diamino- 
pimelic transaminase activity, usual assay system; @---©, 
transaminase A activity, spectrophotometric assay. 
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TABLE II 
Differentiation of transaminases 
| Activity 
Enzyme | 
|  M-26-26 | M-42-37 
| units/mg 
 trans- 


* Assayed chromatographically. Reaction mixtures contain- 
ing 0.10 m Tris, pH 8; 0.02 m L-valine; 0.050 m sodium-a-ketoglu- 
tarate and either 5.9 mg of M-42-37 extract or 5.2 mg of M-26-26 
extract, were incubated at 37° for 45 minutes and the reaction was 
stopped with HCl. The deproteinized supernatants of these 
tubes, along with zero time controls and controls incubated with 
glutamate present, were chromatographed. 

t Assayed colorimetrically as described in text. 


TaB_Le III 
Specificity for amino donor 
The regular assay system was employed with 2 umoles of the 
amino acids in place of glutamate. Fifteen times the amount of 
enzyme used with glutamate was used for testing the other amino 
acids. 


Amino acid | Relative activity 
<1 


* Glutamine could not be assayed in the usual manner because 
the deacylase preparation was found to contain glutaminase, 
which degraded the compound to glutamate. Therefore, the 
appearance of N-succinyl-L-diaminopimelate was measured in 
the absence of added deacylase. Incubations were carried out 
for 10 and 20 minutes at 37° with 0.10 m Tris, 0.002 m N-suecinyl- 
a-amino-e-ketopimelic acid, 0.01 m L-glutamate in the control, 
0.01 m L-glutamine, and 10 times the amount of transaminase in 
the test svstem as was used in the control. 


Properties 


pH Optimum and Acid Stability—Fig. 3 shows a curve of 
enzyme activity at various pH values and indicates an optimum 
at pH 8. Larger amounts of N-succinyl-L-diaminopimelic acid 
deacylase were added at the pH extremes to assure that the 
deacylase was not rate limiting in the assay. If the enzyme was 
adjusted to below pH 5 before assay, there was a 13% loss of 
activity. Between pH and 5 and 8, the decrease was not signifi- 
cant. 

Specificity—In the forward direction, there was almost com- 
plete specificity towards the amino donor. Table III shows 
only a trace of activity with common amino acids other than 
glutamate. Even this trace may be caused by minute amounts 
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So 


AKLETT UNITS (420 my) 


Fic. 3. pH optimum of the transaminase. The assay was run 
in a 0.50 ml volume with 100 umoles of buffer. Zero and final time 
samples were taken. ©, phosphate buffer; @, Tris buffer; @ 
bicarbonate buffer. 


2.50 


2.00 F 


1.50 


| 0 
. 


0.50 F 


0 1 l i l 
0 60 120 180 
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‘Fic. 4. Effect of a-ketoglutarate on the reverse reaction. Re- 
action mixture contained 200 umoles of Tris, pH 8; 3.9 umoles of 
N-succinyl-a-amino-e-ketopimelic acid; 0.084 unit of succinyl- 
diaminopimelic transaminase, and 2.0, 4.0, 20.0 or 40.0 umoles of 
a-ketoglutarate (@, @, O, OD, respectively), all in a volume of 
1.0 ml, incubated at 37°. The disappearance of N-succinyl-v- 
diaminopimelic acid was measured colorimetrically. 


BMOLES/ML. N-SUCCINYL-LL-DAP DECREASE 


of a-ketoglutarate present as an impurity in the N-succinyl-a- 
amino-e-ketopimelate preparation, although rechromatographed 
material was used for this study. In the reverse direction, 
several amino acids that resembled the substrate were tested 
with a-ketoglutarate and showed no activity. These included 
N-succinyl-meso-diaminopimelic acid, L-diaminopimelic acid, 
meso-diaminopimelic acid, L-lysine, and a-carbobenzoxy-.L-ly- 
sine. The first compound mentioned, synthetic N-succinyl-meso- 
diaminopimelic acid, also showed no inhibition of the forward 
reaction, as measured both colorimetrically and with the glu- 
tamic dehydrogenase system at concentrations of 2.5 and 4.9 
umoles per ml, respectively. This racemic mixture, however, 
can be hydrolyzed to the extent of 50% by N-succinyl-.-dia- 
minopimelic acid deacylase. 
minopimelic acid at a concentration of 1.0 umole per ml did not 
inbibit the forward reaction. 

Reversibility and Equilibrium—Under conditions similar to 
those used in the forward direction, that is, a large excess of 
one of the substrates, it seemed at first that the reaction was not 
easily reversible. It was later discovered that the substrate 
chosen to be in excess, a-ketoglutarate, inhibited the reaction. 
This inhibition occurred in both directions. N-succiny]-u-dia- 
minopimelic acid was ruled out as an inhibitor by coupling glu- 
tamic dehydrogenase with the transaminase to measure the 
forward reaction. This maintained a-ketoglutarate at low 
steady-state concentrations during the reaction. Addition of 


N-Succinyl-t-Diaminopimelic Transaminase 
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the N-succinyl-L-diaminopimelic acid, either while the reaction 


proceeded or before it started, had no significant effect on the | 
The effect of varying concentrations of a-ketoglutarate | 


rate. 
on enzyme activity in the reverse direction is illustrated in Fig, 


4. It may be seen that 4 wmoles per ml of the acid was an © 


optimal level. Levels of 20 wmoles per ml and 40 umoles per 
ml produced inhibitions of 20 and 56%, respectively, in 60 min- 
utes. In the forward direction, these concentrations inhibit 
the reaction 68 and 87%. 

At the 4 uwmoles per ml level of a-ketoglutarate, the reaction 
was readily reversible and its equilibrium constant could be 


determined. A summary of experiments carried out to deter. | 


mine the constant for the expression 


(N-succinyl-L-diaminopimelic acid) (a-ketoglutarate) 
(N-succiny]-a-amino-e-ketopimelate) (L-glutamate) 


is shown in Table IV. The average value was 1.2. 

Michaelis Constants—The Michaelis constants for N-succinyl- 
a-amino-e-ketopimelic acid and glutamate were 5.0 K 10-4 mw 
and 5.2 xX 10-* M, respectively. They were determined by 
plotting S/V versus S. This gave a linear relationship in both 
cases, in conformity with the usual enzyme-substrate kinetics. 
The constant for a-ketoglutarate could not be determined accu- 
rately because of the inhibitory nature of the compound. The 
lack of an analytical method for measuring the disappearance of 
very low concentrations of N-succinyl-L-diaminopimelic acid 
prevented the accurate determination of the constant for this 
compound. 


Effect of Pyridoxal Phosphate—It was possible to establish a 
requirement for pyridoxal phosphate in several ways. In one © 
instance, a fraction obtained between 0.42 and 0.95 saturation © 


with ammonium sulfate that had been stored as an ammonium © 


TABLE IV 

Equilibrium studies 

Experiments 1 to 4 were carried out in the forward direction, 
measuring the formation of N-succinyl-L-diaminopimelic acid as 
described in Table III; experiments 5 to 8 were run in the reverse 
direction (see Reaction 1), measuring the disappearance of N- 
succinyl-L-diaminopimelic acid as described in ‘‘Experimental 
Procedure.’’ The reaction was run at pH 8 with 0.010 m Tris 
buffer, pH 8, with sufficient transaminase so that equilibrium w 
attained in at least 2 hours. Final concentrations of glut 
and a-ketoglutarate were determined by difference. 


Initial concentrations Final concentrations | 
=| -L- -L- q 
| | acid | MMO | tasic | | acid | Mino aci 
| pimelic pimelic | | Pimelic pimelic 
Ps) acid acid acid acid 
eae mM mM mM mM mM mM mM mM 
1 | 4.85 | 3.40; 0 0 2.82 | 1.36 | 2.04 2.04 1.09 
2 2.43 1.70) 0 0 1.44 | 0.71 | 0.99 0.99 0.94 
3 | 2.18 | 5.00 0 0 0.57 | 4.43 | 1.61 1.61 1.03 
4 2.18 15.0 | 0 0 0.32 13.14 | 1.86 1.86 0.82 
5 | 0 0 3.28 40.0 | 2.78 | 2.78 | 0.50 37.2 1.41 
6/10 0 3.73 | 4.0 | 1.66 | 1.66 | 2.07 2.34 1.76 
7/\0 0 3.90 | 4.0 | 1.72 | 1.72 | 2.18 2.28 1.69 : 
8 | 0 0 1.95 | 2.0 | 0.86 | 0.86 | 1.09 1.24 1.88 

Average | 1.2 | 
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TABLE V 
Distribution of transaminase 


All extracts were pretreated with pyridoxal 5’-phosphate, 5 ug 
per ml, and assayed in the usual manner. 


Lysine 
Organism Cell wall* component |require-| Activity 
ment 
units/mg 
x 108 
Gram-negative 
pimelic acid 
E. colt M-26-26............. meso-diamino- oe 47.7 
pimelic acid 
Aerobacter aerogenes........ meso-diamino- = 19.3 


pimelic acid 
meso-diamino- 6.4 
pimelic acid 


A. vinelandit............... 


Rhodopseudomonas sphe- 
meso-diamino- — 6.2 

pimelic acid 
Gram-positive 


L. arabinosus.............. meso-diamino- + 1.4 
pimelic acid 
M. lysodetkticus............ lysine _ 25.2 
Streptococcus C203;58........| lysine + 0 
Algae 
N. muscorum............... diaminopimelic 3.0 
acidf 
Others 
Brewer’s yeast............. t 0 
Pig heart extract........... + 0 


* Most of this information was derived from studies of Work 
and Dewey (20). The presence of diaminopimelic acid in the cell 
walls of L. arabinosus and A. faecalis, its absence from the cell 


been determined whether the diaminopimelic acid 
is present in the cell walls of this blue-green alga. 

t The exact nature of the cell walls of these organisms has not 
been elucidated with respect to amino acid content, but diamino- 
pimelic acid is not present in the cells. | 


sulfate suspension for a year, was found to have lost almost all 
of its transaminase activity. Upon standing with pyridoxal 
phosphate at 0°, however, a 274% stimulation of activity was 
observed. In other instances, fractions obtained during purifi- 
cation showed 20 to 30% losses in activity upon freezing and 
thawing which could be restored upon treatment with pyridoxal 
phosphate. 

Inhibitors—Like most pyridoxal-dependent enzymes, the 
transaminase is inhibited by hydroxylamine. Treatment of 
the enzyme at 0° with 0.05 m NH.OH causes an inhibition of 
95%. Ammonium sulfate effects a slight inhibition. At a 
concentration of 4.6 mg per ml, there is an 11% reduction in 
activity. The effect of a-ketoglutarate has already been dis- 
cussed. 

Distribution—Extracts of various organisms were examined 
for the transaminase activity by the usual assay system. The 
results of this study are presented in Table V. In many in- 


 Stances, the extracts contained diaminopimelic acid decarboxy]- 
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ase, and so the activity measured can only be taken as a minimal 
value. However, in L. casei, Streptococcus, yeast, and pig heart, 
where no activity was found, these results can be accepted as 
valid since these organisms do not contain diaminopimelic acid 
decarboxylase. Of particular interest is the occurrence of the 
transaminase in L. arabinosus which contains diaminopimelic 
acid, but does not synthesize lysine, and in Micrococcus lyso- 
deikticus, which does not contain diaminopimelic acid in its cell 
wall, but does utilize it for the synthesis of lysine. 


DISCUSSION 


Rudman and Meister have investigated transamination reac- 
tions in FE. col. Two transaminases of broad specificity were 
found. ‘Transaminases A and B catalyze reactions between 
a-ketoglutarate and a variety of amino acids. A utilizes mainly 
aspartic acid and the aromatic amino acids, whereas B utilizes 
mainly the branched aliphatic amino acids, and also norleucine 
and norvaline. <A third enzyme found, valine-alanine transamin- 
ase, did not involve a-ketoglutarate. In addition to these three 
enzymes, Vogel has described \-acetyl-L-ornithine transaminase 
which catalyzes the interconversion of the acetylated diamino 
acid and N-acetyl-glutamic semialdehyde. Data have been pre- 
sented which differentiate the transaminase from those described 
by Rudman and Meister and also from the acetyl-ornithine 
transaminase. Additional evidence for regarding the trans- 
aminase as a distinct biosynthetic enzyme is the substrate 
specificity study which indicates that the enzyme is specific for 
its unique substrate. In addition, the enzyme has a good affinity 
for its substrates as evidenced by the low K,, values obtained, 
and its activity is comparable with that of the other transamin- 
ases concerned with biosynthetic reactions. 

The distribution studies also provide strong evidence for the 
biosynthetic function of the transaminase. In Table V, it may 
be seen that the enzyme is widely distributed and occurs not 
only in bacteria, but also in the blue-green algae. It may be 
concluded from the distribution studies that the transaminase 
occurs in those organisms which contain diaminopimelic acid, 
regardless of whether the diaminopimelic acid produced in the 
process is utilized only as a precursor of lysine or also as a cell 
constituent. 

Since the deacylase catalyzes the hydrolysis of one of the iso- 
mers of synthetic N-succinyl-meso-diaminopimelic acid, it was 
important to prove that the product of the forward reaction was 
the L-isomer. Since this was, in fact, shown to be the case, the 
only substrate available to the deacylase is then N-succinyl-L- 
diaminopimelic acid, and the product of this reaction must be 
L-diaminopimelic acid. This aspect of the stereospecificity of the 
pathway is determined by the transaminase rather than by the 
less specific deacylase. The pathway of lysine synthesis may 
now be extended to include N-succinyl-a-amino-e-ketopimelic 
acid and the transaminase: 


transaminase 


N-Succinyl-a-amino-e-ketopimeliec acid < 
deacylase 


N-succinyl-L-diaminopimelic acid 
racemase 


L-diaminopimelic acid 


meso-diaminopimelic acid : , L-lysine. 


SUMMARY 


1. A purification procedure has been devised for N-succiny]-.L- 
diaminopimelic-glutamic transaminase by means of chromatog- 
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raphy on a diethylaminoethy! cellulose column as one of the 
most efficient steps. Purification up to 140-fold could be ob- 
tained. 

2. The separation or differentiation of N-succinyl-L-diamino- 
pimelic-glutamic transaminase from three other major trans- 
aminases in Escherichia coli has been achieved. 

3. Some properties of the enzyme have been studied, including 
pH optimum, substrate specificity, equilibrium constant, Mi- 
chaelis constants, and distribution in various micoorganisms. 

4. The results have been discussed in relation to the role of 
the enzyme in the metabolism of microorganisms, with particular 
reference to the biosynthesis of diaminopimelic acid and L-lysine. 
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The finding that the purine portions of both adenosine triphos- 
phate and guanosine triphosphate of the mature rabbit erythro- 
eyte are not metabolically stable constituents of that cell, as is 
the heme of hemoglobin, suggested the possibility of a metabolic 
renewal of the nucleotides during the life of the cell (1, 2). The 
absence of any detectable utilization of sodium formate-C" or of 
glycine-2-C', in vitro, for purine nucleotide synthesis de novo 
suggested that the complete pathway of purine nucleotide for- 
mation from the small molecule precursors was not intact in this 
cell (3). The incorporation of sodium formate-C™ into the purine 
portions of both ATP and GTP, in the presence of 5-amino- 
]-ribosyl-4-imidazolecarboxamide, indicated that the mature 
rabbit erythrocyte, in vitro, has the capacity for carrying out the 
final steps of the pathway of purine nucleotide synthesis (3-5). 

Reports from several laboratories have suggested that tissues 
which lack the capacity for purine synthesis de novo, in vitro, may 
utilize preformed purines extensively for the formation of acid- 
soluble nucleotides and nucleic acids (6, 7). Lajtha and Vane 
(7) have proposed that an organ, such as the liver, which can 
synthesize purine nucleotides de novo may supply preformed 
purines to tissues, such as bone marrow, which have a limited 
capacity for purine ring formation but which may utilize pre- 
formed purines for purine nucleotide synthesis by the nucleotide 
pyrophosphorylase reaction (8, 9). 

This paper is concerned with the utilization of free purines and 
of the aglycones of purine nucleosides for the formation of the 
nucleoside triphosphates of adenine and guanine in the mature 
rabbit erythrocyte. 


EXPERIMENTAL PROCEDURE 


Incubation in Vitro—Suspensions of rabbit erythrocytes were 
prepared and incubations were carried out as described previously 
(2). The radiocarbon-labeled purines and ribosyl derivatives 
were obtained commercially. Dr. Ralph Barclay kindly pro- 
vided the 6-diazo-5-oxo-L-norleucine (diazooxonorleucine). 

Administration in Vivo—Adenine-8-C" in 0.9% sodium chloride 


_* This investigation was supported by research grants from the 
National Institutes of Health (H-2803, A-2655) of the United 
States Public Health Service and the Atomic Energy Commission 
(AT (30-1) 1855). 

a Senior Research Fellow (SF-367), United States Public Health 
Tvice. 


solution (0.92 mg of adenine per ml) was administered subcuta- 
neously (200 ue, 68 umoles) as single injections to two white 
rabbits of the New Zealand strain, weighing about 4 kg each. 
At different time intervals, the animals were exsanguinated by 
cardiac puncture and erythrocytes were prepared as previously 
described (2). 

Preparation of Purines—In the experiments in vitro and in vivo 
acid-soluble nucleotides were extracted from washed erythrocytes 
with trichloroacetic acid. ATP and GTP, obtained by ion ex- 
change chromatography of the extract on a column of Dowex 
1-Cl, were hydrolyzed, the free purine bases were prepared, and 
the specific radioactivities of the adenine and guanine were 
determined. 


RESULTS AND DISCUSSION 


The data obtained (Table I) after the incubation of rabbit 
erythrocytes with several of the naturally occurring purines 
indicate that these compounds can serve, to varying degrees, as 
precursors of either ATP or GTP, or of both. Adenine-8-C™ 
was metabolized extensively to ATP. Guanine-8-C™ and xan- 
thine-8-C!4 were utilized for the formation of GTP, but xanthine 
served much less effectively than guanine. Hypoxanthine-8-C 
was converted to both ATP and GTP, and the relative incorpora- 
tion into the purines of the nucleoside triphosphates was inversely 
proportional to the approximate pool sizes of the two compounds, 
as determined by the quantities eluted from a Dowex 1 ion ex- 
change column. It is of interest to note that the utilization of 
purines for nucleotide formation provides evidence for the for- 
mation of 5-phosphoribosyl pyrophosphate within the eryth- 
rocyte. 

In contrast to the metabolism of adenine-8-C", adenosine-8-C™ 
was found to be utilized for both ATP and GTP formation. The 
relative incorporation of adenosine-8-C' into the two purine 
bases was quite similar to that found for hypoxanthine-8-C™%, 
for inosine-8-C'4, and for sodium formate-C™ plus 5-amino-1- 
ribosyl-4-imidazolecarboxamide. These findings suggest that 
the major route of utilization of adenosine was via a deamination 
product. Rapid deamination of adenosine would be consistent 
with the widespread presence of adenosine deaminase in rabbit 
tissues (10), and would account for the utilization of adenosine 
for both adenine and guanine nucleotides, presumably via hy- 
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TABLE I 


Utilization of purines and purine derivatives for formation of 
ATP and GTP in rabbit erythrocyte 


Purine Nucleoside Triphosphate Formation in Erythrocytes 


| Incubated* Isolated 
Compound | 

Ispecitic activity] Adsping | Guanine 

| 

RSAt 
0.69 8.0 X 104 27.2 0.5 
Hypoxanthine-8-C™...... | 0.87 | 1.2 X 105 2.0 16.1 
Xanthine-8-C™.......... 0.90 8.4 X 104 0.7 9.7 
Guanine-8-C™........... | 0.47 | 1.2 XK 10° 0.6 71.5 
Adenosine-8-C'......... 4.8 104 3.1 11.4 
Inosine-8-C™’............ 4.0 104 2.9 16.9 
Guanosine-8-C!*. .... | 1.5 | 3.6 10* 1.8 66.5 
Sodium formate-C' and | | | 

ribosyl AICAY......... | 15 4.7 10% 2.4 13.1 


* Washed rabbit erythrocytes in isotonic sodium phosphate 
buffer (pH 7.2) incubated with glucose (150 wmoles) for 3 hours at 


38° + 1°. 
+ RSA = c.p.m. per umole purine isolated 100 
c.p.m. per zmole compound administered 
t 5-Amino-1-ribosyl-4-imidazolecarboxamide. 
adenosine 
J 
inosine 
4-amino-5-imidazole- 
carboxamide 
| hypoxanthine 


5-amino-l-ribosy! 5-amino-l-ribosyl 
4-imidazole- 


carboxamide 5’-phosphate 


— 4-imidazolecarboxamide — inosinic acid 
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poxanthine formed by phosphorolytic cleavage of inosine (11). 


However, the direct phosphorylation of inosine cannot be ex. | 


cluded (2) nor can the possibility that some utilization of the 


purines may occur by the initial formation of nucleosides. The ; 
small extent of utilization of adenine-8-C™ for GTP formation | 


suggests a limited conversion of AMP to IMP. 

The utilization of guanosine-8-C'™ was found to be similar to 
that of guanine-8-C'*. Each compound was utilized effectively 
for guanine nucleotide formation, with a considerable net for- 


TABLE III 


Metabolic stability of purine rings of nucleoside triphosphates 
of rabbit erythrocyte 


Incubated* Isolated 
Compound 
Concentra-| Sodium (Adenine of \Guanies of 
tion formate ATP GTP 
pmoles c.p.m./umole 
Adenine-2-C™ (5 we)......... 15 | 0 30,000 | 1150 
Adenine-2-C™ (5 ye)......... |. 35 75 | 36,000 1260 


* 25 ml of washed erythrocytes incubated in 25 ml of isotonic 
sodium phosphate buffer containing glucose (150 umoles) for 3 
hours at 37°. 


adenine 
adenylosuccinic acid — adenylic acid — ADP — ATP 
xanthylic acid > guanylic acid —~ GDP — GTP 
T 
xanthine guanine 
T 
guanosine 


Fig. 1. Summary of reactions leading to purine nucleotides in the mature rabbit erythrocyte, in vitro 


TABLE II 


Effect of 6-diazo-5-oxo0-L-norleucine on utilization of xanthine and 


guanosine for formation of ATP and GTP in rabbit erythrocyte 


Incubated* Isolated 
Compound 
Specific activity] DON of/Guanine of 
c.p.m./pmole pmoles RSA 
Xanthine-8-C™.......... 3.6 X 104 0 1.1 45 
3.6 X 104 15 1.1 1.1 
Guanosine-8-C¥......... 3.0 X 104 | 0 2.0 103 
Guanosine-8-C¥......... 3.0 XK 104 | 15 3.1 93 


* 25-ml aliquots of washed rabbit erythrocytes in 25 ml of iso- 
tonic sodium phosphate buffer (pH 7.2) incubated with radiocar- 
bon-labeled compound (22.5 uymoles) and glucose (150 wmoles) for 
3 hours at 37°. 

t 6-Diazo-5-oxo-L-norleucine. 


TaBLeE IV 


Utilization of adenine-8-C™ for ATP and GTP formation in rabbit 
erythrocyte, in vivo 


Isolated 
Days after 
d 
ompoun administration Adenine of Guanine of 
ATP GTP 
RSA 
5 1.01 0.93 
Adenine-8-C™*.......... \ 13 0.54 0.49 


* Specific activity: 1.03 10° c.p.m. per pmole; administered 68 
umoles in a single injection. 


mation of GTP within the cell. The small amount of labeling in 


the adenine nucleotides may have arisen by a reductive deami- | 
nation mechanism (12, 13). 
The findings reported here are summarized in Fig. 1. The 


mature rabbit erythrocyte is capable of forming adenine and | 
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nine nucleotides from several different purines, purine ana- 
logues, and their ribosyl derivatives. The functional significance 
of these demonstrated reactions remains to be evaluated in terms 
of their importance in maintaining metabolic potential of the 
cell and in serving as determinants of its lifespan. 

The inhibition by diazooxonorleucine of guanine nucleotide 
formation from inosinic acid has been demonstrated (4). Since 
glutamine is required for the conversion of xanthylic acid to 
guanylic acid, it has been postulated that this is the site of in- 
hibition (5, 14). When rabbit erythrocytes were incubated with 
guanosine-8-C'* the addition of the inhibitor had no significant 
effect on the extent of utilization for GTP formation (Table II). 
Guanosine was studied instead of guanine because of its greater 
solubility. Extensive phosphorolytic cleavage of guanosine 
to guanine by the purine nucleoside phosphorylase of the eryth- 
rocyte is known to occur. When erythrocytes were incubated 
with xanthine-8-C'4 and diazooxonorleucine, essentially complete 
inhibition of utilization of the xanthine for GTP formation oc- 
curred as would be expected in view of the mechanism of action 
of the inhibitor. The inhibition observed indicates that both 
guanine and guanosine are utilized for GTP formation without 
prior conversion to xanthine or a xanthine derivative. Inhibition 
of labeling of the guanine of GTP has also been shown 
when erythrocytes were incubated with 4-amino-5-imidazole- 
carboxamide and sodium formate-C" (5), and with adenine-8-C". 
The inhibition of the small amount of labeling of GTP from 
adenine-8-C' by diazooxonorleucine indicates that, although 
small, the labeling of GTP is significant. 

The lability of carbon 2 of the purine ring has been observed 
in purine nucleotides (15, 16), and pyridine nucleotides (17). In 
order to study this lability, adenine-2-C™ was incubated with 
rabbit erythrocytes in the presence of a large excess of unlabeled 
sodium formate (Table III). The failure to observe a dilution 
of the label in the isolated adenine of ATP in the presence of 
unlabeled sodium formate indicates a stability of carbon 2 of the 
purine ring during the several reactions leading to the formation 
of nucleoside triphosphate from adenine. Although a lability of 
carbon 2 of the purine ring of inosinic acid has been demonstrated 
in other systems (15), it may be excluded in the rabbit erythro- 
cyte since labeling of the purine ring fails to occur after incuba- 
tion with sodium formate-C™ and the other purine ring precursors, 
even in the presence of unlabeled inosine (3), a precursor of 
inosinic acid. The complete absence of label in these experi- 
ments indicates the inability of rabbit erythrocytes to utilize 
sodium formate by either the over-all purine biosynthetic se- 
quence de novo or by the inosinic acid exchange mechanism dem- 
onstrated by Flaks, Warren, and Buchanan (15). 

The finding that adenine-8-C™ was used primarily for adenine 
nucleotide formation in the rabbit erythrocyte, in vitro, with 
only a small amount of labeling in the guanine nucleotides, 
suggested a limited conversion of adenosine 5’-phosphate to 
inosine 5’-phosphate. To compare the utilization in vivo of 
adenine-8-C' with the results in vitro, the labeled compound was 
administered to several rabbits and, after 5- and 13-day intervals, 
the relative specific activities of the purine portions of ATP and 
of GTP of the erythrocyte were determined. It was found 
(Table IV) that both purines were labeled, and to about the same 
extent, at each time period. This finding raises several interest- 


ing points. In view of a paucity of adenase in most tissues, it 


would appear that the major portion of the adenine is metabolized 
directly to adenosine 5’-phosphate. Although the AMP thus 
formed may be converted to ADP and ATP and utilized for 
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polynucleotide synthesis within the cell in which it is produced, 
it is unlikely that it enters the erythrocyte as a nucleoside phos- 
phate because of the apparent impermeability of the cell to phos- 
phorylated compounds. Furthermore, the findings in vitro 
suggest a limited conversion of AMP to IMP, the obligatory 
precursor of GMP. It is reasonable to suggest, therefore, that 
the AMP is converted to other compounds, presumably free 
purines or nucleosides, which then enter the erythrocyte and are 
converted to ATP and GTP. In view of the divergent labeling 
of the purines after incubation with adenine-8-C", the most likely 
explanation for the equal relative specific activity values for the 
two purines, in vivo, would result from uptake by the cell of a 
mixture of purines or nucleosides, or of both (e.g. adenine and gua- 
nine, hypoxanthine or inosine and adenine). It is of interest to 
note that the administration of glycine-2-C" to a group of rabbits 
also resulted in ATP and GTP with approximately equal labeling 
in both purine portions (2). In both experiments in vivo it was 
also observed that specific radioactivity of the purines of the 
nucleoside triphosphates decreased to one-half from the fifth day 
to the thirteenth day after administration of labeled precursor. 


SUMMARY 


The mature rabbit erythrocyte is capable of utilizing purines 
and their ribosyl derivatives for nucleoside triphosphate forma- 
tion. Adenine is used extensively for adenosine triphosphate 
synthesis while xanthine, guanine, and guanosine are effective 
precursors of guanosine triphosphate. Hypoxanthine, inosine, 
and adenosine may be converted to both adenosine triphosphate 
and guanosine triphosphate. 

The inhibitor, 6-diazo-5-oxo-L-norleucine, interferes with the 
utilization of xanthine for guanosine triphosphate formation but 
does not inhibit the utilization of guanosine. 

In contrast to the findings in vitro, the administration of 
adenine, in vivo, results in equal labeling of the purine portions of 
both adenosine triphosphate and guanosine triphosphate. 
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The mature rabbit erythrocyte has been shown to be incapable 
of synthesizing de novo the purine portions of adenosine triphos- 
phate and of guanosine triphosphate, in vitro (2). It is able, 
however, to carry out the final steps of this pathway from sodium 
formate and 5-amino-1-ribosyl-4-imidazolecarboxamide, a finding 
which suggests that a portion of the over-all enzymatic sequence 
is lost during the maturation process (2, 3). 

The study of the metabolie capacities of mammalian erythro- 
cytes at various stages in their life span has now been extended to 
a consideration of the ability of rabbit reticulocytes to synthesize 
purine nucleotides, in vitro. The reticulocyte differs from the 
mature erythrocyte in several respects: it possesses a reticulum 
which in all likelihood is ribonucleoprotein and which is lost 
during maturation, it has an intact tricarboxylic acid cycle and 
electron transport system (4), and it can synthesize heme (5) 
and globin (6, 7). 

The studies which are reported in this paper demonstrate that 
the rabbit reticulocyte, in contrast to the mature erythrocyte, is 
able to synthesize, de novo, the purine portions of adenosine tri- 
phosphate and guanosine triphosphate, tn vitro. 


EXPERIMENTAL PROCEDURE 


Preparation of Reticulocytes—New Zealand white rabbits, 
weighing about 4 kg each, received daily subcutaneous injections 
of 30 mg of acetylphenylhydrazine in 2.5 ml of isotonic sodium 
phosphate buffer (pH 7.2). The administration of acetyl- 
phenylhydrazine was continued until the reticulocyte count had 
risen to about 70° or more, usually within 6 to 7 days. Retic- 
ulocyte counts were made on smears supravitally stained with 
new methylene blue and counterstained with Wright’s stain (8). 
About 24 hours after the final injection, the animals were ex- 
sanguinated by cardiac puncture. The blood, collected in 
heparin, was centrifuged and the packed cells were washed twice 
by resuspension in isotonic sodium chloride solution. The buffy 
coat, containing white blood cells and some reticulocytes, was 
removed. Reticulocyte counts were performed on the pooled 
washed cells. 

Incubation in Vitro—The incubations were carried out in 


* A preliminary report of this investigation has been presented 
(1). This investigation was supported by research grants from 
the National Institutes of Health (H-2803, A-2655) of the United 
States Public Health Service and the Atomic Energy Commission 
(AT (30-1) 1855). 

+ Senior Research Fellow (SF-367), United States Public Health 
Service. 


isotonic sodium phosphate buffer (pH 7.2) or in plasma, in a | 


Dubnoff metabolic shaker at 100 cycles per minute (9). 

Isolation and Purification of Purines—ATP and GTP were 
isolated and hydrolyzed as described (9). The specific activities 
of the adenine and guanine were determined. Samples of ade- 
nine were degraded to 4-amino-5-imidazolecarboxamidine and the 
specific activities were determined (3, 10). 


RESULTS AND DISCUSSION 


The ability of the rabbit reticulocyte to synthesize purine 
nucleoside triphosphates de novo was investigated by incubating 
reticulocyte-rich erythrocyte preparations, obtained from acetyl- 
phenylhydrazine-treated animals, with sodium formate-C" or 
glycine-2-C™, with the other precursors of the purine ring, and 
with glucose. The results, summarized in Table I, indicate that 


the reticulocyte, in contrast to the mature cell (2, 3), is capable of | 


synthesizing purine nucleotides, de novo, and demonstrate that 


the relative specific activity of the adenine of ATP is greater | 
than that of the guanine of GTP. Similar findings were obtained | 


with reticulocyte preparations obtained from animals made 
anemic by repeated bleeding. The utilization of sodium for- 
mate-C" for the synthesis of the purines of ATP and GTP in the 
reticulocyte was similar to that found for the purines of the RNA 
of rabbit bone marrow by Abrams and Goldinger (11) and by 
Totter (12). These investigators also found a considerably 
greater relative specific activity in the adenine as compared to 
the guanine. 
and Borsook (13) observed incorporation of glycine-2-C into the 


purine bases of RNA, in vitro, with somewhat greater incorpora- | 


tion into the guanylic acid than into the adenylic acid. 

In order to compare the utilization of sodium formate by the 
over-all pathway de novo with the incorporation of sodium for- 
mate into a partially formed purine precursor, aliquots of retic- 
ulocyte preparations were incubated for 3 hours with sodium 
formate-C" and either the small molecule purine ring precursors, 
4-amino-5-imidazolecarboxamide, or 5-amino-1-ribosyl-4-imid- 
azolecarboxamide (Table II). Although considerable activity 
was found in the purines of the nucleoside triphosphates formed 
by the pathway de novo, greater activity was observed in the 
purines derived from the cells incubated with the imidazole- 
carboxamide or its ribosyl] derivative. The incorporation of 
sodium formate into the latter compounds for ATP synthesis was 
very much greater in the reticulocyte than that previously found 
in the mature cell (2,3). In the mature cell, however, the rela- 
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TABLE I 


Biosynthesis of ATP and GTP in rabbit 
reticulocyte,* de novo 


In the sodium formate-C™“ experiment, the calculation is 
based upon equal incorporation into carbon atoms 2 and 8. 


Incubated” Isolated 
Compound 
Concentra- Adenine of Guanine of 
tion ATP GTP 
pmoles RSA° 
A 
Sodium formate-C™ (20yue)....... 150 1.07 0.53 
Glucose, L-aspartic acid, L-gluta- 
Glycine, sodium carbonate....... 75 
B 
Glycine-2-C™ (20 we)............. 75 0.75 ().32 
Glucose, L-aspartic acid, L-gluta- 
mine, sodium formate.......... 150 
Sodium ecarbonate................ 75 


«Erythrocyte preparation contained 80% reticulocytes, 0.3% 
leukocytes. 

625 ml of washed cells incubated in 25 ml of isotonic sodium 
phosphate buffer (pH 7.2) for 1 hour at 37°. 

¢RSA = relative specific activity 


c.p.m./umole isolated purine (100) 


c.p.m./umole sodium formate-C™ administered 


tive specific activity of the guanine of GTP was greater than that 
found in the reticulocyte. 

As a consequence of the maturation of the reticulocyte, changes 
occur that are reflected in a reversal of the adenine to guanine 
specific activity ratio in the acid-soluble nucleotides of the two 
cell types. These changes may be associated with the relative 
rates of conversion of inosinic acid to adenylic and guanylic acids 
(14, 15), or may reflect alterations in the metabolic pools of the 
purine nucleotides. Changes in metabolic pools perhaps may 
occur as a result of the breakdown of RNA during the final phase 
of maturation of the reticulocyte (16, 17). 

The relationship of the incubation period to the specific activity 
of the adenine of isolated ATP was studied by incubating a 
reticulocyte preparation with sodium formate-C', the purine 
ring precursors, and glucose. At several time intervals, aliquots 
were removed and adenine was prepared from the ATP. As 
indicated in Table III, the synthesis of ATP proceeded in a 
linear fashion during the 2-hour incubation period. The adenine 
samples were then degraded to 4-amino-5-imidazolecarboxami- 
dine, by the elimination of carbon 2 of the original purine ring 
(10). Since sodium formate is a precursor of both carbon atoms 
2 and 8, synthesis by the biosynthetic sequence de novo should 
yield a degradation product with one-half the specific activity of 
the adenine. The specific activities of the degraded adenine 
samples are consistent with this mechanism (Table III). If 
appreciable utilization of sodium formate had occurred by ex- 
change via the inosinic acid transformylation mechanism (18) or 
by incorporation into a preexisting pool of purine nucleotide 
precursors (e.g. 5/- 
phosphate), the ratio of labeling in carbon 2:carbon 8 would have 
deviated markedly from unity. Since approximately equal 
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labeling was found in carbons 2 and 8, it may be concluded that 
synthesis de novo of the purine ring occurred. 

In view of the finding that erythrocyte preparations rich in 
reticulocytes possess the capacity for purine synthesis de novo, 
the possibility arose that a young cell population, recently 
matured from these reticulocytes, might also possess this capac- 
ity. To test that possibility, reticulocytosis of 47% was pro- 
duced in a rabbit by the administration of acetylphenylhydrazine, 
a level at which synthesis de novo of purine nucleotides can be 
demonstrated. Fifteen days after the termination of acetyl- 
phenylhydrazine administration, a preparation of washed red 
blood cells from this animal contained 4.7% reticulocytes and a 
population of relatively young erythrocytes, most of which were 


TABLE II 
Biosynthesis of ATP and GTP in rabbit reticulocyte 
Incubated” Isolated 
Compound 
Concentra- |Adenine of |Guanine of 
tion ATP GTP 
pmoles RSA‘* 

A | 
Sodium formate-C™ (20 uwe)....... 5.9 | 1.9 
Glucose, L-aspartic acid, L-gluta- | | | 

Glycine, sodium carbonate... .... 75 | | 

B 
Sodium formate-C™ (20 ue)....... 75 | 26.4 11.1 
4-Amino-5-imidazolecarboxamide.. 37.5 

C | | 
Sodium formate-C™ (20 uwe)....... Lo | 66.5 13.9 
Ribosyl AICA¢................... 37.5 


« Erythrocyte preparation contained 84% reticulocytes, 0.2% 
leukocytes. 

625 ml of washed cells in 25 ml of isotonic sodium phosphate 
buffer (pH 7.2) incubated at 37° for 3 hours. 

¢ In Part A, the calculation is based upon equal incorporation 
into carbon atoms 2 and 8. 

4 5-Amino-1-ribosyl-4-imidazolecarboxamide. 


TABLE III 


Effect of incubation time on de novo synthesis of ATP in 
rabbit reticulocyte,* in vitro 


Incubated” Isolated Degradation of adenine 
4-Amino-5-imidazolecar- 
Incubation time Adenine of ATP aneiiiilien 
Ars c.p.m./pmole 
0.5 2700 | 1100 
1.0 3700 | 1900 
2.0 5000 2200 


«Erythrocyte preparation contained 65% reticulocytes, 0.4% 
leukocytes. 

625 ml of washed cells incubated in 25 ml of isotonic sodium 
phosphate buffer (pH 7.2) at 37° with sodium formate-C* (20 ue), 
150 umoles; glycine, 75 uwmoles; sodium carbonate, 75 umoles; 
L-aspartic acid, 150 wymoles; L-glutamine, 150 umoles; and glucose, 
150 umoles. 
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TaBLe IV 


Study of effect of leukocytes on biosynthesis of ATP and GTP, 
de novo, in rabbit reticulocyte, in vitro 


Incubated® Isolated 


Cellular composition 


| 
Treatment of cells of 


Leuko- Reticulo- 
cytes | cytes 
| RSA 
A | | 
Buffy coat removed prein-— | 
B | | | 
Leukocytes added preincu- | | | 
| 0.5 45 | 9.3 1.1 
C | | | 
Buffy coat removed prein- | | 
cubation; erythrocytes | | 
lysed postincubation..... 0.2 42 6.3 | 1.5 


«25 ml of washed cells incubated in 25 ml of isotonic sodium 
phosphate buffer (pH 7.2) for 1.5 hours at 37° with sodium for- 
mate-C™ (20 we), 150 moles; glycine, 75 zmoles; sodium carbonate, 
75 umoles; L-aspartic acid, 150 wmoles; L-glutamine, 150 umoles; 
and glucose, 150 umoles. 


polychromatophilic. When this preparation was incubated 
with sodium formate-C" and the other small molecule precursors 
of the purine ring and with glucose, either in plasma or in isotonic 
sodium phosphate buffer (pH 7.2), for 3 hours, no significant 
radioactivity was detected in the isolated ATP or GTP. The 
findings suggest that young erythrocytes which have matured 
from reticulocytes produced in response to acetylphenylhydrazine 
hemolysis are no longer able to synthesize purine nucleotides de 
novo. Additional studies are warranted, however, to determine 
the synthetic capacity of very young erythrocytes which are not 
reticulocytes. 

The density of the reticulocyte is known to be less than that of 
the mature erythrocyte (19), and similar to that of white blood 
cells. For this reason, complete removal of leukocytes from 
preparations with high reticulocyte concentrations is not ac- 
complished by the usual methods of centrifugation. Although 
the content of the white blood cells in the average reticulocyte 
preparation is generally not more than 0.4%, it was necessary to 
consider the possible contribution of the leukocytes present to the 
purine biosynthesis observed. The attempts to evaluate this 
contribution are summarized on Table IV. When the buffy coat 
was removed, in a manner used for the experiments already de- 
scribed, the leukocyte content was 0.2% (Part A). The relative 
specific activities of the purines of ATP and GTP were of the 
order of magnitude previously found. When the washed cell 
preparation was enriched by the addition of a portion of the buffy 
coat, there was a resultant increase in the leukocyte content to 
0.5% (Part B). Because of the presence of trapped reticulocytes 
in the buffy coat, there was a small increase in the reticulocyte 
concentration. Although a small increase in the relative specific 
activity of adenine was noted, it did not compare with the 2.5-fold 
increase in leukocyte content. The explanation for the decrease 
in radioactivity of the guanine is not readily apparent. In order 
to eliminate the purine nucleoside triphosphates present in the 
small volume of the leukocytes from the ATP and GTP prepared 
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from the postincubation cell suspension, a portion of the red | 


blood cells of a suspension identical with that described in Part 4 


was lysed at the end of the incubation period, under conditions | 


that leave the leukocytes intact (7). From the erythrocyte 
lysate, ATP and GTP were prepared in the usual manner, and 
the relative specific activities of the purines were similar to those 
indicated in Part A. Since the total erythrocyte population was 


not lysed by the procedure used, the small decrease in the relative | 


specific activities of the purines may have been caused by the 
greater osmotic fragility of the older cells (7.e. mature erythro- 
cytes) (19, 20). Since these cells contain unlabeled nucleotides, 
a dilution of the specific activities of the total nucleotides re- 
leased by lysis should result. The data of this experiment do 
indicate, however, that the leukocytes make little, if any, con- 
tribution to the synthesis de novo of purine nucleotides in the 
experiments reported. 

The results described provide evidence for the loss of at least 
part of the pathway de novo of purine biosynthesis with the 
maturation of the rabbit reticulocyte. The recent finding that 
the mature rabbit erythrocyte has the capacity for the final re- 
actions of purine nucleotide synthesis indicates that only a por- 
tion of the metabolic sequence is lost and that the loss occurs at a 
reaction before the formation of 5-amino-1-ribosyl-4-imidazole- 
carboxamide 5’-phosphate (2, 3). The finding that the mature 
rabbit erythrocyte can utilize preformed purines for nucleotide 
formation provides evidence for the formation of 5-phospho- 
ribosylpyrophosphate from glucose within the cell and indicates 
that the missing step or steps are concerned with the formation of 
the purine ring itself (9, 21). 


SUMMARY 


The rabbit reticulocyte, prepared from animals made anemic 
by acetylphenylhydrazine administration or by bleeding, has the 
capacity for de novo purine nucleotide biosynthesis in vitro. 
This biosynthetic capacity is lost on maturation of the reticulo- 
cyte. 

Adenosine triphosphate and guanosine triphosphate can also 
be synthesized in this cell from sodium formate-C™ and 4-amino- 
5-imidazolecarboxamide or 
amide. The relative labeling of the purines of the nucleoside 
triphosphates is the reverse of that observed in the mature eryth- 


rocyte. 
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Recently there have been a number of reports suggesting the 
possible importance of metals in ribonucleic acid. Wacker and 
Vallee (1) have reported the presence of chromium, iron, manga- 
nese, nickel, zinc, and other metals in various ribonucleic acid 
preparations, and have suggested that ‘“‘metals may bear a 
functional relationship to protein synthesis and the transmission 
of genetic information.’’ Fuwa et al. (2) have described the ef- 
fect of metal ions on the absorbancies of RNA preparations. 
Various workers have studied the stabilizing effect of metal ions 
on the infectivity of isolated.tobacco mosaic virus RNA, and it is 
reported (3) that nickel ions are particularly effective. Loring 
et al. (4) have reported that the infectivity of isolated tobacco 
mosaic virus RNA parallels its iron content. Haschemeyer et al. 
(5) have reported that metal ions affect the physical properties 
of tobacco mosaic virus RNA, but they found that the metal ions 
did not alter infectivity. 

The amino acid acceptor RNAs obtained from the ‘‘soluble’’ 
fraction of cells are particularly suitable for studies of metal con- 
tent. These RNAs have relatively low molecular weights (6), 
and the presence of as little as one atom of a metal per molecule 
of RNA would require over 0.1°¢ of the metal in the RNA, an 
amount that should be detected readily. The availability of 
assays for the activity of these RNAs makes possible the cor- 
relation of metal content with activity. 


EXPERIMENTAL PROCEDURE 


Amino acid acceptor RNAs were prepared from whole cells of 
bakers’ yeast by a modification (7) of the method of Monier et al. 
(8) with redistilled phenol. 

The analyses were carried out with the North American 
Phillips x-ray spectrograph, the RNA samples (10 mg) being 
placed on Mylar film. Under the conditions of these analyses, 
1 wg of iron (0.01 % in the RNA) gave 14 ¢.p.s. above the blank of 
25 ¢.p.s. (Mylar film only), and 1 yg of zine (0.01°%) gave 17 
¢.p.s. above a blank of 13 ¢.p.s. 

In the preparation of the dialyzed RNA samples, the RNA was 
dialyzed for 5 hours against 0.01 mM potassium ethylenediaminetet- 
raacetate, pH 7.0, and then for 45 hours against 0.001 m potas- 
sium ethylenediaminetetraacetate, and for 24 hours against 
water. The dialyzed RNA was reprecipitated by the addition 
of 3 volumes of redistilled 95° ethanol and 0.02 volume of 2 N 
sodium chloride; it was washed with redistilled ethanol and dried 
in a vacuum. 

Assays for amino acid acceptor activity were carried out by 
standard methods (7, 9) in the presence of potassium ethylenedia- 
minetetraacetate, with the use of partially purified amino acid- 
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activating enzymes (7, 10). (Analyses of the threonine- and 
tvrosine-activating enzymes indicated no detectable iron or zine. 
Of the reagents used in the assay mixture, only the ATP showed 
any contamination (approximately 0.004° % zine), and with the 
threonine enzyme the ATP concentration was lowered to one- 
tenth the usual concentration in the assay mixture without af- 
fecting amino acid incorporation.) 


RESULTS AND DISCUSSION 


Spectrographic scans of RNA preparations indicated that iron 
and zine were the major elements present with atomic numbers 
greater than 24. Traces of copper and nickel were also indicated, 
but at much lower levels. By comparison with standards, the 
contents of iron and zine were found to be approximately 0.05% 
(Table 1). This result is lower than the calculated values for one 
atom of each metal per molecule of RNA, assuming a molecular 
weight of 30,000, but the values are high enough to consider 
seriously whether the metal content varies with RNA activity. 
It was found that dialysis of the RNAs against potassium ethyl- 


enediaminetetraacetate greatly reduced the contents of iron and | 


zinc with no detectable change in activity of the RNAs as ae- 
ceptors for activated amino acids. Histidine, leucine, threonine, 
tryptophan, tyrosine, and valine were tested. 

These results suggest that the metal ions are an artifact of the 
isolation procedure; that is, that iron and zine accompany the 
RNAs during isolation because of the relatively strong binding of 
the ions by the RNAs. This does not mean that the metal ions 
do not affect the physical properties of the isolated RNAs, and 
it is possible that they affect the chemical properties, for example, 
by influencing the sensitivity of the isolated RNAs to nuclease 
action. 

It is still possible, of course, that iron or zine is involved in 
some other action of these RNAs, and it is even possible that the 
remaining traces of iron and zinc might move from RNA mole- 
cule to RNA molecule as the activated amino acids are accepted, 


TABLE [ 
Metal content of ‘‘soluble’’-fraction RNA 

| Iron Zinc 

| % % 
Yeast RNA, dialyzed........... ca. 0.004 ca. 0.001 

Calculated values, one atom per | 

| 0.19 0.22 


* Calculated assuming a molecular weight of 30,000. 
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30 that less than one atom of metal per molecule of RNA would 
be required. In spite of these qualifications, however, the pres- 
ent results answer the question that is of greatest concern to the 
biochemist, the question of whether the metal ions are integral 
parts of the structures of the RNAs. If the metal ions were 
integral parts of the RNAs, removal would destroy the activities 
of the acids. This has not been found to be true. Therefore, 
work on the structures of the active RNAs can proceed, and 
eventually synthesis can be undertaken, without concern for 
positions of attachment of possible metal ions. 


SUMMARY 


Iron and zine were found to be present in preparations of 
“soluble”’-fraction ribonucleic acids at concentrations equivalent 
to 0.2 to 0.3 atom of each metal per molecule of acid. It was 
found that approximately 90% of the metal ions could be re- 
moved without detectable change in the activity of the ribonu- 
cleic acids as amino acid acceptors, indicating that the ions are 
not integral parts of the structures of these active acids. 


R. W. Holley and V. A. Lazar 
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The mechanism of the biosynthesis of deoxyribose has been 
one of the particularly obscure problems in the biochemistry of 
the nucleic acids. During the past decade, considerable effort 
was expended in the demonstration that the deoxyribose of 
deoxyribonucleic acid was not derived via the condensation of 
glyceraldehyde 3-phosphate and acetaldehyde in the presence 
of deoxyribose phosphate aldolase. The properties of the en- 
zyme-catalyzed reaction (1) suggested that the enzyme more 
probably participated in the degradation of the deoxypentose 
phosphate than in its formation. More significantly, the amount 
and distribution of isotope in the deoxyribose of DNA derived 
from selectively labeled carbohydrate precursors indicated that 
normal biosynthesis in cells did not involve this route (2-4). 
On the other hand, these same studies suggested that deoxy- 
ribose was derived directly from a ribose derivative or that ribose 
- and deoxyribose were somehow derived from the same precursor. 
The work of Loeb and Cohen (4) showed, for example, that the 
deoxyribose of all of the deoxyribonucleotides of the DNA of 
Escherichia coli grown on glucose-1-C' possessed essentially 
identical amounts of isotope, which were the same as that of the 
ribose of each ribonucleotide of the ribonucleic acid. It was 
found, similarly, that the deoxyribose of the pyrimidine and 
purine deoxyribonucleotides of the DNA of phage T6 were also 
derived from a common pathway (5). 

That deoxyribose was indeed derived from ribose derivatives 
has been demonstrated more directly in numerous organisms 
(6-12) by showing the conversion of a pyrimidine or purine 
ribonucleoside to the deoxyribonucleoside without cleavage of 
the N-glycosyl bond. These results, obtained with intact cells, 
have culminated in the observation by Reichard and Rutberg 
(13) of a conversion of a phosphorylated derivative of cytidine 
to that of deoxycytidine in a cell-free extract of EF. colt. 

These reports on deoxyribose synthesis, in cells and in ex- 
tracts, have not established the molecular level at which ribose 
is converted to deoxyribose. Exogenous nucleosides or carbo- 
hydrates were provided as precursors in the former studies; the 
nucleotide cytidine 5’-phosphate was employed in crude cell- 
free extract in the presence of Mg**, adenosine triphosphate, 
and reduced triphosphopyridine nucleotide (13). It was sug- 
gested by Reichard and Rutberg (13) that the reduction pro- 
ceeded at the diphosphate level, although ATP was still markedly 
stimulatory. These data were still consistent, however, with 


* This research was aided by a grant from the Commonwealth 
Fund. 

+t The Editors express their regret for the unfortunate delay in 
the publication of this paper, which was due to misadventure in 
the Redactory Office. 


a hypothesis which we have explored below, namely that the 
conversion of ribose to deoxyribose is effected at the end of an 
RNA chain. 


‘This hypothesis begins with the assumption that the appar- 
ently unusual spongonucleosides, the 1-8-p-arabinofuranosy| 
pyrimidines, are aberrant side products of deoxyribose synthesis. 
As summarized in a recent paper from this laboratory (14), the 
spongonucleosides may be synthesized chemically by inverting 
the hydroxyl on the C2’ position of a ribonucleoside. The in- 


~ 


version may be effected, for example, by converting a 2’-phosphate | 


to an O?:2’ cyclonucleoside; the phosphate is thus eliminated. A 
hydrolytic cleavage of the ether readily produces the arabinose- 
containing nucleoside, and it has been suggested that an enzy- 
matic reductive cleavage of the cyclonucleoside may produce the 
deoxyribose derivatives. It was hypothesized, therefore, that 
the arabinosyl derivatives in sponges arise in an aberrant hy- 
drolytic cleavage of the cyclopyrimidine nucleosides that may be 
precursors of deoxyribose synthesis. 

It should be noted that no direct evidence exists for the meta- 
bolic existence or role of the cyclonucleosides. We (14), as well 
as Reichard (15), have shown that exogenous cyclouridine does 
not serve as a DNA precursor in a variety of systems. However, 
cyclonucleosides are not enzymatically phosphorylated in our 
systems (14) in contrast to ribonucleosides, arabinonucleosides, 
and deoxynucleosides. Therefore, these experiments (14, 15) do 
not exclude a possible metabolic role of 5’-phosphorylated deriva- 
tives of cyclonucleosides. 

The problem exists, however, of producing O?:2’ cyclonucleo- 
sides, a process that requires a 2’-substituted derivative. Two 
enzymatic reactions are known at present for forming 2’-phos- 
phates. The first occurs in the conversion of DPN to TPN. In 
the second, the action of pancreatic or E. coli ribonuclease on 
RNA will result in the formation of 2’:3’-cyclic phosphate esters 
as intermediates. A possible sequdnce of reactions involving an 
essential role for ribonuclease is presented in Fig. 1. It should 
also be recalled that ‘‘soluble’’ RNA is considered to terminate 
most frequently in the sequence pCpCpA. 

In Fig. 1 it is seen that the terminal adenosine is eliminated by 
ribonuclease to produce a 2’:3’-cyclic phosphate of the now termi- 
nal cytidylate. The function of ribonuclease is therein postulated 
as the activation of the 2’ position of the now terminal nucleotide. 
An elimination of phosphate and cyclization occurs to form a 
terminal O?:2’-cyclic cytidylate, which is reduced to form a ter- 
minal deoxycytidylate. A phosphorylytic or pyrophosphorylytic 
cleavage may then be formulated to produce a free deoxycytidine 
di- or triphosphate. The terminal addition of one nucleotide, 
e.g. via CTP or ATP, would permit a second activation of the 
original antepenultimate cytidylate, or other pyrimidine nucleo- 
tides would similarly be activated by ribonuclease cleavage at 
other points in the chain. It is of interest that the ribonuclease 
of E. coli is capable of producing the 2’:3’-cyclic phosphates of 
both purine and pyrimidine nucleosides (16) and is more active 
towards the amino nucleotides of cytosine and adenine than to- 
wards the 6-OH nucleotides of uracil and guanine. 

It is a weakness of the hypothesis that the mechanism of 0?:2 
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This working hypothesis differs in a major way from that of a 


| conversion of intact RNA to DNA, since it is proposed only that 
the terminal ribonucleotide is reduced and released as a deoxy- 
ribonucleotide. 


The concept of the conversion of RNA to DNA 
without rupture of the polynucleotide chain does not appear to 
be necessary, since numerous observations on DNA synthesis, 
such as the observed incorporation of deoxynucleosides into 


DNA in intact cells, the total absence of uracil in DNA, the 
existence of thymidylate synthetase active on free deoxy- 


uridylate, and the existence of enzymes that form deoxynucleo- 
side triphosphates and incorporate these into DNA, appear to 
account for the formation of this polymer from free nucleotides. 
Many observations suggest an apparent antithesis between 
DNA synthesis and protein synthesis, reflected in the differences 
between rapidly multiplying and differentiated cells. It may 
be supposed as a general explanation of this presumed biological 
fact that critical RNA molecules participate either in protein 
synthesis or alternatively in DNA synthesis by supplying ribo- 
nucleotides for formation of the deoxyribonucleotides (17). 
Implicit in any formulation of RNA as a precursor to DNA is 
the concept that activation for deoxyribose formation, by modify- 
ing or cleaving the terminal nucleoside, by liberating the terminal 
5/-nucleotide, or by cleaving other points in the RNA chain, 
deactivates that RNA for its observed role in amino acid transfer 
and protein synthesis. The hypothesis presented in Footnote 
1 and in Fig. 1 is one such formulation of deoxyribose origin that 
also explains the presumed antithesis between protein synthesis 
and DNA synthesis as a necessary concomitant of the molecular 
structure and transformation of RNA. Of course, if this type 
of hypothesis proved to be correct it would be necessary to 
explain such phenomena as the concomitant synthesis of histone 
and DNA in animal cells, or the extended period of DNA syn- 
thesis throughout interphase in bacteria. Explanations for 
these phenomena, ancillary to the major issue, are not difficult 
to formulate and need not occupy our attention at this time. 
Pointing to the development of an experimental approach to 
the relation of RNA to DNA synthesis, we note that a biological 
system is available that appears to fulfill the main biological 
conditions of our hypothesis. Thus, in the case of phage multi- 
plication, a small fraction of RNA (about 3% of the total RNA), 
whose composition mimics that of viral DNA and indeed whose 
ribonucleotides are subsequently converted to phage DNA, is 
produced early in infection (18). This precursor relation is seen 
clearly early in the synthesis of phage DNA and is not found 
late in this process. In studies of the biosynthesis of the deoxy- 
cytidylate hydroxymethylase (19) and some other enzymes 


cyclization cannot apply to the purine nucleotides. To account 
for the formation of the purine deoxyribonucleotides, we are then 
compelled to propose another mechanism or to suppose that all 
deoxyribose is generated as a pyrimidine derivative with subse- 
quent transfer to purine. The transfer mechanism appears un- 
likely, in view of the data of McNutt (12). Of course, the forma- 
tion of O?:2’ cyclonucleosides was chosen as the basis of the 
hypothesis because the reaction is observed so readily with model 
compounds and because of the possibility of revealing a critical 
function for ribonuclease. Another hypothesis which would 
apply to all free 5’-nucleotides or to the purine or pyrimidine 
nucleoside ends of RNA chains would involve the phosphorylation 
of the 2’-hydroxyl via ATP (as in the DPN to TPN transforma- 
tion) and some type of elimination to form a reducible derivative, 
eg. 2’:3’ epoxide or the possibly more likely dehydro compound, 
which is then converted to the deoxy sugar. Organic models for 


_ these reactions are also known. 


S. S. Cohen, H. D. Barner, and J. Lichtenstein 
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Fic. 1. A possible sequence of reactions in which an activated 
pyrimidine ribonucleotide may be generated at the end of an RNA 
chain and converted to a deoxyribonucleotide. The latter is then 
released from the polynucleotide. 


ADENOSINE 


produced early in T-even phage infection (20), it appears to be a 
general phenomenon that the production of these enzymes stops 
shortly after phage DNA synthesis begins. It may be imagined 
that the phenomenon of the alternation of RNA utilization for 
enzyme production or of RNA turnover for DNA synthesis are 
determined at the molecular level as described and shown in 
Footnote 1 and Fig. 1 respectively. It was, therefore, decided 
to explore this conversion of phage-specific RNA to deoxy- 
nucleotides at the enzymatic level in cell-free extracts. 

We have found that this conversion did indeed proceed quite 
efficiently in extracts of phage-infected bacteria, in which the 
RNA had been labeled by incorporation of uracil-C™ during the 
period of infection. It was observed that the phage-specific 
RNA is specifically degraded, that it leaves the bulk of the 
ribosomal RNA substantially unaffected. Deoxynucleotides — 
accumulate in a free state in the system. The analysis of the 
fate of the labeled material in the extract was considerably 
complicated by the possibility, inherent in the hypothesis, that 
arabinosyl derivatives could be produced in the process. How- 
ever, it was shown that the accumulated compounds are indeed 
deoxynucleotides. Finally, it appears that the bulk of these 
compounds are not generated at the end of RNA molecules, but 
that 5-ribonucleotides are released from the phage-specific RN A, 
and are converted to the deoxynucleotides in the free state. 


EXPERIMENTAL PROCEDURE 


Biological System—A uracil-requiring strain of E. coli, strain 
Bu —, was used in these studies on deoxyribose synthesis. The 
origin, properties of this organism, and its cultivation in a 
mineral medium containing uracil and glucose as sole carbon 
source have been described (21). The preparation, purification, 
and assay of the bacteriophage, T6r*, have been reported, as 
has been its requirement for tryptophan as an adsorption co- 
factor (22). The preparation of extracts of infected cells is 
described below. 

Chemicals and Enzymatic Reagents—Uracil-2-C™“ was obtained 
from the California Corporation for Biochemical Research, 
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which also supplied deoxycytidine, deoxyuridine, thymidine, 
cytidine, and uridine. Spongouridine, spongocytidine, and 
O?:2’ cyclouridine were kindly given to us by Dr. J. Hunter of 
the Upjohn Company. The sodium salts of ATP, DPNH, 
TPN, CTP, and UTP were obtained from the Sigma Chemical 
Company. 

The lyophilized venom of Crotalus adamanteus, which con- 
tained a specific 5’-nucleotidase, was supplied by Ross Allen’s 
Reptile Institute. Extracts of FE. coli strain Wc — (14, 21) were 
used to deaminate cytosine nucleosides and to cleave the result- 
ing deoxyuridine, 5-hydroxymethy] deoxyuridine, and uridine. 

Estimation of Radioactivity—Radioactive uracil was used at 
approximately 1 we per umole. This yielded about 10° counts 
per minute per umole, as measured on stainless steel planchets 
at infinite thinness (<0.1 mg per cm?) in a windowless gas flow 
Geiger-Miiller counter. The radioactivities of samples of frac- 
tions of the nucleic acids and of the acid-soluble nucleotides 
were determined to 1000 counts in this way. In addition, 
fractionation and identification of the fractions of the acid- 
soluble nucleotides were effected by paper chromatography in 
the presence of known unlabeled carrier substances. The paper 
strips were examined by a scanner (Nuclear-Chicago Corpora- 
tion model C-100A-Actigraph IT) attached to a scaler (Nuclear- 
Chicago Corporation analytical count rate meter, model 1620A) 
and the intensities and positions of the radioactive materials 
were charted by a Recti/riter (Texas Instruments, Inc., model 
RRMA-X-X). The positions of the known carrier substances 
were established under ultraviolet light. The areas under the 
curves representing radioactivity were estimated by means of a 
planimeter, and the relative areas were considered to represent 
the fractions of the total radioactivities applied to the papers. 
A number of internal and external controls showed that the error 
of estimation of individual components separated in this way 
did not exceed 10 to 20°, and was frequently not greater than 
5%. 

Preparation of Enzyme System—FE. coli strain By — was grown 
in the presence of unlabeled uracil to 2 * 108 per ml. The cells 
were chilled, sedimented, washed once: in mineral medium, and 
resuspended at 10° per ml in the mineral medium containing 3 
mg of glucose, and 10 wg of uracil (1 we per umole) perml. They 
were infected with 4 xX 10° T6r* per ml in the presence of 50 
pg of D,L-tryptophan per ml, and the culture was incubated 
with vigorous aeration for 15 minutes at 37°. The infected 
culture was chilled and sedimented, and the moist pellet was 
disrupted by grinding with Alcoa alumina A-301 (2.5 g per g of 
wet cells). The sticky paste was extracted (10 ml per g of cells) 
with 0.05 m Tris buffer, pH 7.5, containing 0.005 m MgCle. The 
mixture was sedimented at 5000 r.p.m. for 30 minutes and the 
supernatant fluid, which contained the desired activities, was 
removed. 

The buffered enzyme preparation containing labeled substrate 
(pyrimidine-labeled RNA or acid-soluble nucleotides or both) 
was used immediately after preparation. It was incubated at 
37° with the following additions per ml of mixture: 4 ywmoles 
of ATP, 1 umole of NasP207, 1 umole of DPNH, 5 umoles of 
glucose 6-phosphate, and 1 wmole of TPN. ATP was added 
on the hypothesis that the activation of a terminal pyrimidine 
nucleotide required the addition of AMP, the removal of which 
by ribonuclease produced the terminal 2’:3’-cyclic phosphate. 
Pyrophosphate was added on the chance that a pyrophos- 
phorylytie cleavage of the terminal nucleotides, ribo- or deoxy-, 
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might be necessary. Since a reducing agent was thought to be 
necessary, both DPNH and a source of TPNH, i.e. TPN and 
glucose 6-phosphate, were supplied. These extracts are rich 
in glucose 6-phosphate dehydrogenase. 

Analysis of Nucleic Acids—To 9 ml of a buffered extract con- 
taining 7.7 mg of protein (23) per ml was added 1.0 ml] solution 
of the metabolites described above. During incubation, 2-m| 
aliquots were removed at 0, 15, 30, and 60 minutes and precipi- 
tated with 3% perchloric acid at 0°. A precipitate was washed 
with 1 ml of cold water and the supernatant fluids were com- 
bined. The acid precipitate was washed two times each with 
95% ethanol and ether, and finally with ethanol-ether (1:1) at 
60°. The dried residual nucleoprotein was incubated overnight 
in 1 ml of M KOH and the solution was neutralized with perchloric 
acid. The precipitate was essentially devoid of radioactivity. 
Polymeric DNA was precipitated with 3% perchloric acid, 
washed with H.O, and the combined supernatant fluids were 
neutralized with KOH. 

To the RNA fraction was added 0.2 umole each of uridine, 
cytidine, deoxyuridine, and deoxycytidine as carrier for terminal 
nucleosides. This mixture was adjusted to pH 9.6 with NH,OH 
and fractionated on a Dowex 1-acetate column (10 em xX 1 em) 
with ammonium acetate at pH 4.2 to separate and isolate cyti- 
dylate and uridylate (24). The specific activities of these nucleo- 
tides were determined. The filtrate that contained nucleosides 


was concentrated and chromatographed on paper in ethanol- | 


borate (25). The areas delineated by the carrier substances 


were eluted in water and the radioactivities of these fractions — 
that contained terminal nucleosides liberated by alkaline diges- 


tion were measured. 

The DNA precipitate was extracted with trichloroacetic acid 
at 90°. After decomposition of the trichloroacetic acid, the 
radioactivity in the supernatant fluid was estimated. Bases 
were isolated after hydrolysis in 0.2 ml of 6 N HCl in a sealed 
tube at 100° for 3 hours, and chromatography in isopropanol-HCl 
The areas that contained thymine and combined cytosine 
and hydroxymethyleytosine were eluted. It was demonstrated 
by subsequent chromatography in butanol-NH,OH (21) that 
the radioactivity in cytosine amounted to 5, 3, 3, and 9% of the 
total radioactivity in the combined cytosine fraction at 0, 15, 
30, and 60 minutes, respectively. 

Separation of Acid-soluble Fraction—The acid-soluble fractions 
were heated in a boiling water bath for 15 minutes to convert 
polyphosphates to the monophosphates. One umole of each of 
the following was added: uracil, UMP, CMP, dUMP, dCMP, 
and dTMP. A mixture was applied to a column (10 cm X 1 
em) of Dowex 50-H*+, washed through with 0.01 m formic acid, 
and separated into three fractions, a filtrate, a CMP fraction, 
and a dCMP fraction (26). Uracil and thymine nucleotides ap- 
peared in the filtrate. Continued treatment with formic acid 
eluted the CMP fractions, a mixture of cytosine ribonucleotides 
and dHMP? and, in a subsequent homogeneous fraction, (CMP. 
Specific activities of peak tubes of the two main cytosine frac- 
tions were determined by the use of the extinction coefficients 
of CMP and dCMP. The components of the three major frac- 
tions were separated and identified as described below. 

Identification of dCM P—The deoxycytidylic acid fraction was 
chromotographed on paper in ethanol-borate. Radioactivity 


2The abbreviation used is: dHMP, hydroxymethyleytosine 
deoxynucleotide. 
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and the ultraviolet-absorbing substance (ACMP) was congruent. 
After dephosphorylation with venom, all of the radioactivity 
and ultraviolet-absorbing material were shown to migrate in 
ethanol-borate with the Rr of deoxycytidine. This radioactive 
material was eluted and treated, in the presence of 0.2 umole 


of carrier spongocytidine, with 0.1 ml Wc-— extract in a total 
1, 2-ml 


yolume of 0.5 ml of 0.02 m phosphate buffer, pH 7. This treat- 
ment deaminates spongocytidine to spongouridine (14) and 
deoxycytidine to deoxyuridine, of which only the latter can be 
cleaved to uracil. Spongouridine and uracil separate readily 
in ethyl acetate-formic acid (14), and no radioactivity was 
present in spongouridine. It should be noted that 5’-phospho- 
arabinosy! cytosine and arabinosy] cytosine have R,’s in ethanol- 
borate essentially similar to (CMP and deoxycytidine, respec- 
tively. However, these tests showed the total absence of the 
arabinocytidylic acid from this cytosine fraction, which appears 
to contain only dCMP. 

Characterization of Components of CMP Fraction—This frac- 
tion eluted from Dowex 50-H* can contain the 2’, 3’, and 5’ 
phosphates of cytidine, as well as dHMP.* Evaporation of the 
eluted CMP column fraction to dryness and chromatography in 
ethanol-borate in fact revealed the presence on scanning of con- 
siderable amounts of nucleotides other than the 5/-CMP, im- 
mobile in this solvent. Treatment of an identical aliquot with 
venom and similar chromatography showed the conversion of 
5-CMP to cytidine, the presence of some residual cytosine 


nucleotide, undegraded by the 5’-nucleotidase of venom, and 
the appearance of a new nucleoside, suspected to be the deoxy- 


ribonucleoside of hydroxymethyleytosine, rather than spongo- 
cytidine. Acid hydrolysis of this fraction and chromatography 
revealed that at least 80% of this material was hydroxymethy]- 
cytosine. The total areas under the curves in the scanned 
strips before and after treatment with venom agreed within 10%. 

Characterization of Filtrate of Acid- soluble Fraction — The 
filtrate derived from the Dowex 50-H* column was concentrated 
and neutralized with KOH. The solution was chromatographed 
in ethanol-borate and scanned. The three major types of com- 
ponents seen were rapidly migrating uracil, a more slowly moving 
mixture at the common position of the deoxynucleotides, the 
spongonucleotides, and the 2’- and 3’-ribonucleotides, and, 
finally, immobile 5’-UMP. Elution of the material at the 
deoxynucleotide position, treatment with venom, followed by 
chromatography in ethyl acetate-formic acid, revealed a rela- 
tively large proportion of thymidine and the absence of spongo- 
uridine. In addition, we noted the presence of significant 
amounts of immobile nucleotides, which we assume to be 3’- 


UMP. 


RESULTS 


Gross Changes in Extract—In Fig. 2 can be seen the pattern of 
distribution of the radioactive substances in the various fractions. 
Similar amounts of radioactivity are present in the RNA and 
in the acid-soluble nucleotides. However, the radioactivity in 
the RNA fraction falls with time to 40% of its original value of 
almost 300,000 ¢.p.m. per 2 ml while these counts appear in the 
acid-soluble fraction. 

The sum of the recoveries in the three fractions approaches 
9% of the initial radioactivity. These recoveries are thought 
to be essentially quantitative since the values are derived from 


*L. Pizer, unpublished observations. 
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fractions subjected to frequent dilutions and which, in some 
instances, particularly the initial extract and acid-soluble frac- 
tion, contained contaminants, protein, and acid, respectively, 
that affected the uniformity of plating. 

The radioactivity of the DNA can be seen to change but little 
and at zero time amounted to no more than 3% of the total 
counts, 2.e. about 20,000 ¢.p.m. per 2 ml, of which two-thirds 
would be present in thymine and one-third would appear in the 
hydroxymethyleytosine plus cytosine fraction. However, of 
these 7000 counts in the latter, only 350 were present in cytosine 
ordCMP. Thus the initially labeled DNA cannot be the source 
of deoxyribonucleotides that appear in the system, 7.e. 34,000 
in dCMP and 37,000 in dTMP in 30 minutes. Indeed, a small 
net synthesis of DNA is obtained in the system. The specific 
activities (c.p.m. per umole) of hydroxymethylcytosine in DNA 
increase as follows: 43,000, 58,000, 62,000, and 63,000 at 0, 15, 
30, and 60 minutes, respectively. A similar increase in the 
specific activity of the thymine in DNA was also found. The 
ratio of counts in thymine to hydroxymethyleytosine at 0 and 
15 minutes were 2.0 and 2.2, respectively, which shows that both 
the initially labeled DNA and the DNA newly synthesized in 
the extract possessed the base composition characteristic of 
phage DNA. 

Disappearance of Phage-specific RNA—In the experiment 
described above, the total ultraviolet absorption in the RNA 
fraction which contained about 14 yumoles of nucleotide fell 
very slightly (11%) from 143 to 127 optical density units at 260 
mu. As can be seen in Fig. 3, the total counts in this fraction, 
as well as the specific activity of the derived cytidylic acid and 
the uridylic acid, fell 59 to 55%, 7.e. from 270,000 to 110,000 
c.p.m. for RNA, 25,100 to 11,500 c.p.m. per umole for cytidylic 
acid, and 65,000 to 29,400 ¢.p.m. per umole for uridylie acid. 
The total RNA thus contained about 4% of its weight in a labeled 
form, 2.e. approximately 0.27 umole of labeled pyrimidine nucleo- 
tide in 14 uwmoles of RNA nucleotides. This labeled RNA con- 
tained uridylic acid and cytidylic acid with specific activities in 
the ratio of 2.5 to 2.6, which approaches the ratio of thymine to 
hydroxymethylcytosine in phage DNA, rather than the ratio 
prevailing in bacterial RNA and DNA (18). Finally, of the 
total RNA, this labeled phage-specific RNA disappeared selec- 
tively, as revealed in the decrease of specific activities of cyti- 
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Fic. 2. The distribution and changes of radioactivity in the 
main fractions of the incubation mixture. 
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Fic. 3. The percentage decrease of radioactivity in RNA and 
of the specific activities of RNA cytidylate and uridylate on in- 
cubation. The initial radioactivity of the RNA fraction was 
270,000 c.p.m. The initial specific activities of the RNA cytid- 
ylate and uridylate were 25, 100 and 65,000 c.p.m. per umole, re- 
spectively. 


TABLE I 


Changes in radioactivity (XK 10% c.p.m.) of components 
of acid-soluble fraction 


Components | 0 min 15min | 30min | min | A3min 
dCMP 1.6 | 24 36 35 +34.4 
Total cytidylate com- 48 42 23 17 

prising 
5’-CMP 46 33 15.6 | 12 .| =30.4 
dHMP 1.7 6.7 5.2 4.4 +3.5 
3’-CMP 0.0 1.4 1.9 0.4 
Uracil 71 76 81 91 +10 
5’-UMP 196 212 184 133 —12 
Deoxyuridylate area 26 74 117 123 
comprising | 
dUMP 0.0 16 32 34 +32 
dTMP | 21 49 58 62 +37 
3’-UMP | 5.2 8.8 | 27 27 
Total deoxy nucleotides (dCMP + dHMP + dUMP + 
Total 5’- ribonucleotides (5’-CMP + 5’-UMP)......... —42 


dylate and uridylate, and, as a unit, since the initial ratio of these 
specific activities was maintained. 

The analyses for terminal nucleosides revealed radioactivities 
of ribonucleosides in the amounts of 221, 477, 104, and 1290 
¢e.p.m. at 0, 15, 30, and 60 minutes, respectively. At zero times, 
therefore, the terminal pyrimidine nucleoside amounted to less 
than 0.1% of the labeled pyrimidine of RNA and, indeed, never 
exceeded 1% © of this pyrimidine. Throughout the experiment, 


extensive lccaenitiags of RNA did not occur, although a signifi- 
cant increment in terminal pyrimidine nucleoside did appear 
between 30 and 60 minutes. The radioactivities that appeared 
in the uracil plus deoxyribonucleoside area in these analyses of 
terminal nucleoside in RNA were 28, 63, 68, and 60c¢.p.m. How- 
ever, these radioactivities were too low to permit their identifica- 
tion in this experiment; 7.e. it is not possible to say whether this 
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fraction was free of uracil or contained pyrimidine deoxyribo. 


nucleoside. 


Formation of Deoxyribonucleotides—In Table I are recorded 


the changes in the various components of the acid-soluble frac. 
tion. At 30 minutes, when the production of deoxynucleotide 
is approximately maximal, 2.e. slightly more than 0.1 umole or 
107,000 c.p.m. in all fractions, the increase in labeled deoxy. 
ribonucleotide is considerably in excess of that provided by acid. 
soluble 5/-ribonucleotide. This difference of 65,000 counts 
(deoxyribonucleotide minus 5/-ribonucleotide) at 30 minutes 
may be compared with the loss of 140,000 counts in the RNA at 
this time. Thus, only the transformation of the pyrimidine 
ribonucleotide of the phage-specific RNA can account for the 
observed increment in the pyrimidine deoxyribonucleotides. 

It can be seen that at zero time there is very little dCMP 
and dHMP and no dUMP in the extract of infected cells. The 
sole deoxyribonucleotide present in significant amount is thymi- 
dylate. At 30 minutes the total production of thymidylate 
(37,000 c.p.m.) is about 10 times that of dHMP (3,500 c.p.m,), 
which suggests that the thymidylate synthetase system has a 
far greater affinity for an available one-carbon fragment than 
has the deoxycytidylate hydroxymethylase system. This would 
require only 40 mumoles of serine, for°example. 

Of additional interest is the fact that the total production of 
dTMP and dUMP (69,000) is about twice that of dCMP and 
dHMP (38,000). This ratio is consistent with the production 
of these deoxynucleotides from the homologous ribonucleotides, 
present as such in RNA. 


apparent amounts and changes of these compounds in the acid- 


soluble fraction are insufficient to account for deoxyribonucleo- | 
Nevertheless, this conclusion is not mandatory, | 
since it may be supposed that the RNA liberates 5’-ribonucleo- ; 


tide production. 


tides that are rapidly converted in this state to the free deoxy- 
ribonucleotides; t.e. that the lag in disappearance of 5’-ribo- 
nucleotide is only apparent, because of the simultaneous 
production of these from RNA. 


20° 


15* 


+(dCMP +dHMP + dUMP + dTMP) 


- (CMP + UMP) 


0+ 


iS 30 
MINUTES 
Fic. 4. The change in radioactivity of RNA, acid-soluble 
5’-ribonucleotides, and deoxyribonucleotides in the incubation 
mixture. 
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Indeed, the kinetics of appearance of | 
the deoxyribonucleotides, as presented in Fig. 4, appear to— 
suggest that the ribonucleotides are reduced in RNA, since the | 
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May 1961 S. S. Cohen, H. D. Barner, and J. Lichtenstein 
TaBLeE II 
Effect of omission of exogenous metabolites on deoxynucleotide accumulation in acid-soluble fraction (X 10° c.p.m.) 
| 
Tube 1 Tube 2 Tube 3 Tube 4 | Tube 5 Tube 6 Tube 7 
Difference 
Fraction | between Tubes 
Complete* Complete | Less ATP | LESS byte | Less TPNHt | Less DPNH Less all a ti 

| 0 min 30 min | | | | 
| 140 195 180 160 160 170 185 +55 
(UMP + dTMP area......... | 26 | 59 50 56 32 57 | 42 | +33 
| 76 98 95 66 | 79 74 | 88 +22 
| 35 38 30 34 | 47 41 | 55 +3 
31 38 36 33 61 60 +7 
0.9 22 21 23 | 6.4 23 | 4.2 +21 


*The complete mixture was made up of 1.8 ml of extract in 0.05 m Tris, pH 7.5, plus 0.005 m MgCl, and 0.2 ml containing 8 umoles 
of ATP, 2 umoles of Na,yP20;, 10 umoles of glucose 6-phosphate, 2 umoles of TPN, and 2 umoles of DPNH. The extract contained per 
ml 6.6 mg of protein, 0.25 mg of DNA, 0.60 mg of Bial-reactive RNA pentose, and 360 X 10% ¢.p.m. 

+ Both glucose 6-phosphate and TPN were omitted from this tube. 


A considerable part of the difference at 30 minutes between 
the counts that disappear from RNA and those that appear in 
the deoxyribonucleotides is present in uracil and 3’-ribonucleo- 
tides. The latter is generated at about 20% of the rate of forma- 
tion of the deoxyribonucleotides. 

TPNH Requirements for Deoxyribonucleotide Production—In 
another experiment that used a similarly labeled extract derived 
from infected cells, the exogenous metabolites described in the 
earlier experiment were omitted singly from the incubation 
mixture. Since it had been shown (Fig. 4) that the largest part 
of deoxyribonucleotide production had occurred in 30 minutes, 

seven aliquots, each containing 1.8 ml of extract and 0.2 ml of 
metabolites, were incubated for this period. The mixtures were 
precipitated with acid, and many of the analyses described in 


| previous sections were performed. These are summarized in 


Table IT. 

It can be seen in Table II that all radioactive components of 
the acid-soluble fraction had increased at 30 minutes, indicating 
the acid-insoluble fraction, presumably RNA, is a major source 
of these materials. This over-all increment was not markedly 
dependent on the presence of any exogenous metabolite, as seen 
in Tube 2 as compared with Tube 7. 

However, the production of dCMP in this system clearly 
requires TPNH and not DPNH. In another experiment of the 
same type it was shown that it was 5’-CMP that accumulated 
in the absence of TPNH, which accounts almost exactly for the 
drop in dCMP production. The amounts of 3’-CMP present 
are similar in the presence or absence of TPNH. Similarly, a 
fraction which has properties of dHMP or of the cytosine arabino- 
nucleotide does not accumulate in the absence of TPNH. Fi- 
nally, in Table II it can be seen that the development of radio- 
activity in the (UMP and dTMP fraction is also inhibited to 
about the same extent (75%)‘ in the absence of TPNH. 

In Tubes 5 and 7, which lack TPN, increases in uracil are also 
observed with the decreases in deoxyribonucleotide production. 
However, it should be noted that in the tube lacking TPNH 
alone, the diminished production of dUMP and dTMP did not 


‘This inhibition may have been greater than 80%, since this 
fraction (Tube 5, Table II) was not analyzed for a possible incre- 
ment in 3’-UMP. 


result in an accumulation of 5’-UMP, as is quite clearly the case 
for CMP when dCMP production was blocked. 

The omission of ATP alone in this crude system did not pro- 
duce any clear effects. The omission of pyrophosphate did not 
affect deoxyribonucleotide production, but it did seem to result 
in a loss in the 5’-UMP content of the extract. This result, 
however, did not appear in the tube that lacked all exogenous 
metabolites, so its significance is quite obscure. No clear evi- 
dence could be discerned for an effect of DPNH in the system, 
except possibly in the diminution of 5’/-UMP and the slight 
increase in uracil. However, this experiment shows clearly that 
TPNH is a requirement for deoxyribonucleotide production. 

Site of Deoxyribonucleotide Synthesis—At first sight, the kinetics 
of the conversion of pyrimidine ribonucleotides of phage-specific 
RNA to deoxyribonucleotides in cell-free extract are consistent 
with the possibility that the conversion is effected on the intact 
labeled RNA. However, if 5’-nucleotides were released from 
the labeled RNA chain and subsequently converted to deoxy- 
ribonucleotides, the addition of a pool of unlabeled nucleotides 
should depress the rate of production of labeled deoxyribo- 
nucleotides. In this case also, the initial rate of formation of 
labeled deoxyribonucleotides from the labeled acid-soluble frac- 
tion should not be depressed by the presence of unlabeled phage- 
specific RNA. These results were obtained in the following 
experiments. 

In the experiments described in this section, an unlabeled 
extract of phage-infected bacteria was prepared and incubated 
in the presence of a complete mixture of metabolites with one of 
five additional labeled precursors. As summarized in Table III, 
the first tube had the ribosomal fraction that contained phage- 
specific RNA (27) of bacteria infected for 15 minutes in the 
presence of radioactive uracil (Tube 1). Tube 2 contained the 
same labeled ribosomal fraction plus unlabeled CTP and UTP. 
In Tube 3 the labeled nucleotides found in the acid-soluble frac- 
tion of the supernatant fluid from this ribosomal fraction were 
present, and Tube 4 contained these labeled acid-soluble nucleo- 
tides plus an unlabeled ribosomal fraction prepared from infected 
cells. Tube 5 contained both radioactive fractions in the 
amounts present in Tubes 1 and 3. 

To obtain these labeled fractions, extracts of infected cells, 
labeled in the usual way with uracil-C™, were sedimented at 
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TABLE III 


Compositions of enzymatic mixtures tin study of origin of 
deox yribonucleotides 
Labeled RNA is present in the entire ribosomal fraction. Ma- 
terial similarly isolated has previously been demonstrated to 
contain the largest fraction of the phage-specific RNA. 


| 


Extract | 


Tube + meta Addition | 
ml | 
| 1 ml of labeled RNA (6X | 54,000 
2 S | 1 ml of labeled RNA (6X concentrated) 54 ,000 
| + 4 umoles CTP + 8 umoles UTP 
3 8 ml of labeled acid-soluble nucleotides 73,000 
(6X concentrated) | 
4 8 1 ml of labeled acid-soluble nucleotides 73,000 
(6X concentrated) + unlabeled RNA 
(6X concentrated) 
5 4 0.5 ml of labeled RNA in labeled ak 127 ,000 


_ soluble nucleotides (both 6X concen- | 
trated) | 


* To 32.4 ml of extract made at 15 minutes from unlabeled, in- 
fected cells was added 3.6 ml of a mixture that contained ATP, 
pyrophosphate, glucose 6-phosphate, TPN, and DPNH as de- 
scribed in Table II. 


114,000 x g (at the center of the tube) for 60 minutes. Two 
tubes, each of which contained the sediment from 6.3 ml of 
initial extract, were drained and the ribosomal fraction was 
resuspended in 1.0 ml of 0.05 m Tris, pH 7.5, and 0.005 mM MgCle. 
The supernatant fluid of the extract was precipitated with 3% 
perchloric acid, and the perchlorate in the acid-soluble extract 
was removed by neutralizing with KOH. The labeled sediment 
from a third tube was resuspended in 1.0 ml of labeled acid- 
soluble extract which had previously been concentrated sixfold. 
The labeled fractions were stored 20 hours at 0° before incuba- 
tion with freshly prepared, unlabeled extract and exogenous 
metabolites. A similar fractionation was performed with an 
unlabeled extract. The labeled extract contained 400,000 c.p.m. 
per ml, and the supernatant fluid contained 320,000 ¢.p.m. per 
ml. Thus, a radioactive ribosomal fraction in a single tube and 
resuspended in 1 ml] contained 490,000 ¢.p.m. The acid-soluble 
fraction contained 109,000 c.p.m. per ml or, after sixfold con- 
centration, 650,000 ¢.p.m. per ml. In Table III are presented 
the compositions of the enzymatic mixtures in Tubes 1 through 5. 

Aliquots of 2 ml were removed from Tubes | to 4 at 0, 15, 30, 
and 60 minutes. Similar aliquots were taken from Tube 5 at 0 
and 30 minutes. The eighteen aliquots were precipitated with 
acid and the various fractions were analyzed as described earlier. 

The total Bial-reactive pentose of the RNA fraction fell 
approximately 7 to 8% in Tubes 1 and 2 in 30 minutes. In the 
same time the specific activities of the cytidylate of RNA of 
Tube 1 were 6600, 3500, and 3700 c.p.m. per umole at 0, 15, and 
30 minutes, respectively. Thus, the selective degradation of 
the labeled phage-specific RNA was again seen in this experiment. 

In Tubes 3 and 4 the radioactivities of the RNA fraction were, 
as they should be, less than 5% of the total radioactivity in tubes. 
No significant increment in the radioactivity of the RNA frac- 
tion was detected. Essentially no radioactivity was initially 
present in the DNA fractions of Tubes 3 and 4. After incuba- 
tion of these tubes for 30 minutes, a slight incorporation of 
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radioactivity, equal to 1 mumole of pyrimidine deoxyribonueleo.. 
tide per tube, was detectable in these DNA fractions, which! 
No} 


contained 200 mumoles of pyrimidine deoxyribonucleotide. 
significant increment was detectable in labeled DNA in Tubes | 


and 2. The specific activities of thymine and hydroxymethyl. | 


cytosine were not measured in this experiment. 

It can be seen in Fig. 5 that (CMP was generated in both 
types of systems, that in which label was added in the ribosomal] 
fraction and that in which isotope was present in acid-soluble 
nucleotides. In Table IV it can be seen that the contribution 
from the two types of precursors to dCMP is essentially additive: 
v.e. the increment at 30 minutes in Tube 3 (3800 ¢.p.m.) and 
Tube 11 (4600 c.p.m.), 8400 ¢.p.m., is to be compared with the 
increment observed in Tube 18 when both precursors were 
mixed, 9700 ¢.p.m. 

The following conclusions were reached from the data sum- 
marized in Fig. 5 and Table IV. 

1. Added CTP and UTP compete with phage-specific RNA 
in the formation of dCMP. 

2. These substrates also trap 5’-CMP derived from phage- 
specific RNA. 

3. The acid-soluble fraction of infected cells also serves as a 
precursor of dCMP. 

4. Phage-specific RNA does not enue with the acid-soluble 
nucleotides in dCMP formation. 

These results indicate the following sequence: 


Phage-specific RNA 


> 5’-ribonucleotides (1) 
TPNH 


5’-Ribonucleotides 


Analyses of the CMP fraction, after venom treatment, revealed | 


some radioactivity initially in the acid-soluble CMP of the 
ribosomal fraction. Of 54,000 c.p.m. in this sedimentable frac- 
tion, 12,000 had become acid-soluble and, of this acid-soluble 
CMP, 56% were present in the 3’-phosphate, which suggests a } 
significant activity of ribonuclease in the stored material. How- 
ever, only 2370 ¢c.p.m. was present as 5’-CMP, an amount only | 
half of that appearing in dCMP. It is of interest that, in the 
initial acid-soluble fraction of labeled extract, 64% of the total 
CMP fraction was 5’-CMP, which reverses the pattern of CMP} 
composition in the two types of stored fraction. 

On incubation of the labeled ribosomal fraction in the complete 
extract there was a slight decrease of the 3’-CMP fraction. 


ACID SOLUBLE ® 


ACID SOLUBLE + RNA 


dCMP- CPM. x 193 
Ww 


CTP +UTP 


iS 30 60 
MINUTES 
Fic. 5. The production of (CMP from prelabeled phage- -specific 
RNA or prelabeled acid-soluble nucleotides. The effects of un- 
labeled postulated intermediates are also present. 


» 5’-deoxyribonucleotides (2) | 


| 
\ 
L 
L 
| He 
ge 
an 
th 
re] 
SN 
nu 
on 
dC 
th: 
ge 
the 
the 
co 
| the 
6} 001 
| 
"| 
| | 
| RNA 
| g | ex} 
| | $0; 
| | evi 
" of 
| | 
an 
ap 
t 
pre 


No. 5 


onucleo.. 
Which’ 
de. 


Tubes | 


methyl. | 


in both 
bosomal 
|-soluble 
ribution 
dditive: 
m.) and 
vith the 
rs were 


fa sum- 
e RNA 
phage- 
es asa 


soluble 


(1) 
es (2) 


vealed 
of the 
le frac- | 
soluble | 
gests a } 

How- 
it only | 
in the 
e total 
f CMP 


mplete 
action. 


pecific 
of un- 


May 1961 


S. S. Cohen, H. D. Barner, and J. Lichtenstein 


1455 


TaBLE IV 
Distribution of radioactivity in some acid-soluble fractions after deoxyribonucleotide production from various precursors (total c.p.m.) 


| | | CMP fractions 
Added components and tube number | Aliquot | Time dCMP | Total CMP 
| | | 3’-CMP* 5’-CMP 
| min | 
Labeled RNA (Tube 1) ae 67 | 5,300 2,900 2,400 
2,500 | 9,000 | 
3,800 | 7,300 | 2,600 4,800 
4 | 60 4,700 | 6 , 200 
Labeled RNA + UTP + CTP (Tube 2) 5 | 0 110 | 6,300 3,500 2,800 
6 | 15 230 | 16 , 200 
7 | 30 660 16 ,650 | 2,200 14,500 
8 | 60 730 24 ,060 | 
Labeled acid-soluble nucleotides (Tube 9 | 0 1,400 8,400 | 3,100 5,300 
3) 10 15 3,900 6 ,000 | 
11 | 30 6,000 3,500 | 1,100 2,400 
12 | 60 6,300 1,500 
Labeled nucleotides + unlabeled RNA 13 | 0 1,300 6 ,600 
(Tube 4) 14 15 4,100 3,900 
15 30 5,400 1,200 
16 60 3,500 1,200 
Labeled nucleotides + labeled RNA 17 0 1,500 15,840 
(Tube 5) 18 30 11,300 13 ,200 


* Plus dHMP. 


However, there was a doubling of 5’-CMP in the system that 
generated labeled deoxyribonucleotides (aliquot 3 of Tube 1) 
and a fivefold increment of this material trapped by dilution in 
the system containing unlabeled CTP (aliquot 7 of Tube 2). 
Thus, the presence of the excess of unlabeled nucleotides did not 
repress the liberation of labeled nucleotides from the phage- 
specific RNA but affected only the conversion of labeled ribo- 
nucleotide to deoxyribonucleotide. 

The amount of 5’-CMP that accumulated in aliquot 7 was 
only 0.012 umole or ,45 of the CTP added. Since the rate of 
dCMP production was reduced only by ¢ or 7, it may be inferred 
that, if 5’-CMP were liberated as the triphosphate, the dCMP- 
generating power is at least ten times that observed, and that 
the rate of deoxyribonucleotide production was determined in 
the system by the rate of provision of suitable CMP nucleotides. 
The ability of the extract to double dCMP production from the 
combination of both precursors confirms this and indicates that 
the enzyme in our extracts was not tested at optimal substrate 
concentration. 


DISCUSSION 


The experiments recorded in this paper essentially describe 
the performance of the Volkin-Astrachan phenomenon (18, 27) 
in cell-free extracts, i.e. the selective degradation of phage- 
induced RNA and its conversion to deoxynucleotides. The pool 
experiments designed to trap possible intermediates have done 
so; these appear to be acid-soluble 5’-nucleotides. It seems 
evident that the formation of deoxyribose at an activated end 
of the RNA is not a major pathway, at least in this system. 

Pyrimidine ribonucleotides have been shown to be liberated 
and to be converted as such to deoxyribonucleotides. That the 
appearance of acid-soluble deoxynucleotides, at least of dCMP, 
truly reflects synthesis de novo and is not merely freed from 
prelabeled DNA is shown by the following. 

1. The cytosine of the DNA of infected bacteria is not signifi- 


cantly labeled by incorporation of uracil-C'; essentially only 
the hydroxymethyleytosine is labeled. 

2. The formation of dCMP has a TPNH requirement. 

3. The acid-soluble labeled nucleotides of the extract alone 
are converted to labeled dCMP. 

4. The formation of dCMP is accompanied by the disap- 
pearance of 5’-CMP or of the CMP contained in RNA. 

It is not clear at what level of phosphorylation dCMP is 
generated, since it will be recalled that the analytical procedure 
involved a prior degradation to the monophosphate level. Since 
it has been demonstrated in this paper that extracts of infected 
bacteria generate deoxyribose via a very active reductive system 
that requires TPNH, the enzyme can presumably be purified 
and the nature of the true substrates and products should be 
readily demonstrable. 

It may be asked if UMP is directly reduced to dUMP. The 
sum of dUMP and dTMP that appears in the system is in the 
same ratio to (CMP plus dHMP, 7.e. about 2:1, as UMP is to 
CMP in the phage-specific RNA. However, it is conceivable 
that in this crude undialyzed system, containing some NH,* 
and added ATP, a liberated derivative of UMP is converted to 
an appropriate derivative of CMP which is converted to dCMP, 
and this in turn is deaminated to dUMP. All of the enzymes 
for such a sequence are now known to be present in this system. 
Thus, the question of whether there is a direct reduction of a 
UMP derivative to (UMP requires closer examination, prefer- 
ably with purified systems. The lack of a direct correlation in 
this system between formation of (UMP and dTMP and the 
disappearance of 5’-UMP has been noted earlier in connection 
with the data of Table II. 

The appearance of both dTMP and dUMP in approximately 
equal quantities is described in Table I. Although some labeled 
dTMP was present initially, it is thought that the increment of 
dTMP was indeed caused by synthesis de novo, rather than by 
degradation of labeled phage DNA, since (a) initial labeled 


} 

| 
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thymine in DNA was only a third of that found at 30 minutes; 
(b) very little dHMP appeared in the extracts, 7.e. a tenth rather 
than a half of the thymine; (c) the specifie activity of thymine 
in the DNA increased slightly, rather than fell, as did the uracil 
in RNA; and (d) a TPNH deficiency produced a 75% or greater 
inhibition in the combined (UMP and dTMP fraction. How- 
ever, if this is indeed synthesis de novo, the source of the one- 
carbon donor in the extract, as well as its selective trapping for 
thymine rather than hydroxymethylcytosine, should be clarified. 
Presumably, the selectivity for thymine synthesis may merely 
reflect lower A,,’s for the substrates for thymidylate synthetase 
than for the (CMP hydroxymethylase, but rigorous data on this 
point are not vet available. Another possibility that should be 
explored in this connection relates to the appearance of 5-methyl- 
cytosine and thymine in the RNA of E. coli. It is not known 
if these bases are present in phage-specific RNA and fulfill a 
metabolic role in thymidylate synthesis. 

The rate of total pyrimidine deoxyribonucleotide formation 
that we have obtained (see Table I), about 0.1 umole per 30 
minutes, is about 12 times that recorded for dCMP formation 
by Reichard and Rutberg (13). In addition, we have noted 
in subsequent experiments that we were not operating at optimal 
substrate concentrations, which suggests an even greater enzyme 
concentration. It is possible, then, that these results reflect an 
extensive synthesis of the deoxyribonucleotide synthesizing 
systems, as well as the other enzymes produced in phage-infected 
cells (28). 

Although evidence has been obtained for some activity of 
ribonuclease in these extracts, the degradation of phage-specific 
RNA predominantly to 5’ nucleotides suggests the action of 
either polynucleotide phosphorylase to form diphosphates or of 
pyrophosphorylytic cleavages to triphosphates. Although both 
of the latter mechanisms exist in E. colt, it is not known which 
operates in this system, nor is it evident as yet why the mecha- 
nism is selective and almost completely degrades the phage- 
specific RNA whereas it scarcely affects ribosomal RNA. 
Whether this reflects the different compositions of these RN A’s 
or their different states of association with protein or other RNA 
in cell structures, or both, remains to be elucidated. 

Since the phage-specific RNA is converted to nucleotides, as 
precursors to deoxyribonucleotides, it is not clear why this RNA 
need be an important precursor to DNA at all, since the appro- 
priate ribonucleotides would have to be generated before their 
incorporation in RNA. Indeed, Volkin (18) has pointed out that 
the precursor relationship of phage-specific RNA to DNA is seen 
clearly only relatively early in infection and in DNA synthesis. 
Early in infection, it is possible that the ribonucleotides are 
depleted from the acid-soluble pool in the synthesis of the RNA 
essential to the production of the early enzymes and proteins, 
and that this relative depletion is alleviated by the degradation 
of these RNA molecules when the necessary number of enzyme 
molecules has been formed. The nature of the controlling 
mechanism that tells the cell that sufficient enzyme molecules 
have been produced and then directs the diversion of these RNA 
molecules to DNA production remains a mystery. However, 
it appears that the early production of DNA, which begins 
almost at a maximal rate, does make good use of the RNA 
nucleotides, until such a time as the normal production of nucleo- 
tides can catch up to the requirement of the stimulated DNA 
synthesis. The details of this apparently delicate balance re- 


Phage-induced to Deoxyribonucleotides 


main to be explored, as does the general problem of the possible : 


precursor relationship of RNA to DNA in other cells. 


SUMMARY 


Uracil-2-C* is incorporated into T6r*-infected Escherichia colj | 


strain By — to produce a ribonucleic acid (RNA) comprising 4% 
of the total RNA and resembling the base composition of Té 
deoxyribonucleic acid (DNA), rather than the bulk of E. colj 
RNA. This labeled phage-induced RNA selectively disappears 
from extracts of the infected cells. 

In the presence of exogenous reduced triphosphopyridine 
nucleotide (TPNH) there is a rapid synthesis of the pyrimidine 
deoxyribonucleotides from the ribonucleotides of the virus- 
induced RNA. About half of the label of the RNA that disap. 
pears at 30 minutes is converted to deoxynucleotide. About 
20% of the isotope of this RNA appears as 3/-ribonucleotide, 
and the system also generates a small amount of free, labeled 
uracil. 

The absence of exogenous glucose 6-phosphate and TPN but 
not of DPNH inhibits the production of deoxyribonuclectides 
by over 80%. Other requirements, as for adenosine triphosphate 
and pyrophosphate, are not demonstrable in the crude, unpurifed 
system. In the absence of TPNH in. the incubation mixture, 
5’-cytidine monophosphate (CMP) accumulates in the acid- 
soluble fraction. The formation of deoxy-CMP is correlated 
with the disappearance of preformed or newly generated 5’-CMP. 

In the presence of an excess of unlabeled uridine triphosphate 
and cytidine triphosphate, the formation of labeled deoxyribo- 
nucleotides from labeled phage-induced RNA is markedly de- 
pressed although the release of 5’-CMP is not depressed. On 


the other hand, labeled deoxyribonucleotides are formed rapidly | 


from labeled acid-soluble nucleotides and the presence of an 
excess of unlabeled phage-specific RNA does not depress this 
appearance of labeled deoxy compounds. 

It is concluded that phage-specific RNA is degraded to 5’- 
ribonucleotides of the acid-soluble fraction. In the presence of 
reduced TPNH these 5/-ribonucleotides are rapidly converted 
to deoxyribonucleotides. The bulk of deoxyribose formation in 
this system occurs in this way and not in or on the RNA chain. 
The significance of this result has been discussed in terms of an 
hypothesis that both protein and DNA synthesis may be com- 
petitive for RNA, as appears to be the case in certain stages of 
phage multiplication. 
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It has long been known that myosin and actin can be obtained 
from heart as well as from skeletal muscle and that, in combining 
them to form actomyosin, they are interchangeable with their 
skeletal counterparts (1). The contractile properties of glycerol- 
extracted cardiac strips and cardiac actomyosin (myosin B) 
threads and bands have also been demonstrated (2, 3). The 
molecular parameters of cardiac and skeletal myosin have been 
found to be identical by Gergely and Kohler (4), whereas Olson 
and Ellenbogen (5) have reported differences. Cardiac myosin 
functions as an adenosine triphosphatase but its activity is only 
about one-third that of skeletal myosin. Cardiac myosin, 
furthermore, is more resistant to digestion by trypsin and chy- 
motrypsin (6). 

Myofibrils are an attractive model for the study of muscle: 
they are free of some of the complicating features of intact 
muscle—nervous elements, membranes, sarcosomes—yet contain 
the structural proteins, actin and myosin, in, presumably, the 
same relation in which they exist in intact muscle; their small 
diameter makes it possible to avoid the diffculties inherent in a 
long diffusional path leading to an adenosine triphosphate-free 
core (7, 8). 

Perry and Grey (9), in their study of the ATPase activity of 
skeletal myofibrils, brought out two striking features. First, 
ATP concentrations exceeding that of the Mg present inhibited 
the ATPase activity; the inhibition was counteracted by a small 
amount of Ca++. The authors interpreted these results in terms 
of the Mg-ATP complex’s being the true substrate and of free 
ATP’s being an inhibitor. This view has been disputed by 
Geske et al. (10) who stressed the possibility of a direct interac- 
tion of Mg*+* with the enzyme, depending on the concentration 
of free Mg** ions. Second, ethylenediaminetetraacetate in- 
hibited the ATPase activity even in the presence of excess Mg, 
but not with Ca** as the activator; moreover, when both Mg*+ 
and Ca++ were present, no inhibition occurred. 

In view of the similarities and differences between the skeletal 
and cardiac systems referred to above, it appeared of interest to 
study some aspects of the ATPase activity of cardiac myofibrils. 


* This work was supported by research grants from the National 
Heart Institute, United States Public Health Service (H-1166), 
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trophy Associations of America, Inc., and the Massachusetts 
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In a recent paper, Benson and Hallaway (11) describe the effect 
of various parameters on both cardiac myofibrillar ATPase and 
on the ATP-induced tension of glycerol-extracted fiber bundles 
and find, in general, a parallelism between the two functions. 

The work described in this report shows that the inhibition of 
cardiac myofibrillar ATPase by ATP in excess of Mg is far less 
marked than that of skeletal myofibrillar ATPase and differences 
have also been noted when Ca++ was the activator. The dra- 
matic inhibition by ethylenediaminetetraacetate or relaxing 
factor, found in the case of skeletal niyofibrils, does not occur. 
An analysis of the relationship between free Mg, free ATP, and 
their complex, at given total concentrations, confirms the gen- 
erally known proposition that a mechanism of action cannot be 
unequivocally assigned from rate studies. 


EXPERIMENTAL PROCEDURE 
Materials and Methods 


Myofibrils were prepared from rabbit and dog heart and from | 
rabbit skeletal muscle according to the method of Perry and © 


Grey (9). Inspection under the polarizing microscope, magnifi- 
cation 860 x, showed the homogenates to be composed of well 
separated myofibrils which retained their characteristic striations. 
Homogenate stained with fast green FCF and Phloxine B accord- 
ing to Kitiyakara and Harman’s (12) modification of the method 
of Harman (13) appeared to be free of mitochondria. Relaxing 
factor was prepared as previously described (14, 15). 

ATPase measurements were carried out at 25° in 50 mm Tris 
buffer, pH 7.4. Myofibrillar protein concentrations were 0.25 to 
0.50 mg per ml. When the effect of the relaxing factor system 
was being studied, the system contained 20 mm histidine, 320 
mo sucrose, 50 mm KCl, and 2.5 mM oxalate, pH 7.4. The reac- 
tion was stopped with 10% trichloroacetic acid and protein-free 
aliquots were analyzed for P; according to Fiske and SubbaRow. 
The ATP concentration in the samples to be analyzed was low 
enough so that complex formation with molybdate did not occur 
to an extent interfering with the P; determination (16). The 
reaction time was 2 to 5 minutes, and the total amount of P; 
liberated in the course of the reaction did not exceed 15 to 20% 
of the terminal P of ATP. 


RESULTS 


ATP Inhibition with Mg-activated A TPase—At ATP concen- 
trations high in relation to Mg, the ATPase activity of the 
heart myofibrils is inhibited (Fig. 1).!. ATP is inhibitory, 


1 Since experiments with the use of different Mg or Ca concen- 
trations were not done at the same time, the data shown in Fig. ! 
cannot be used for obtaining the dependence of the ATPase rate 
on the metal concentration (see Fig. 3). 
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240 ment is shown in Fig. 3. The linear plots having the same inter- 
- cept on the ordinate are consistent with a competitive inhibition 
= .200 of free ATP. Other possible explanations will be 
z consider Ow. 
= 160 ATP Inhibition with Ca-activated Myofibrils—The inhibitory 
4: action of ATP on cardiac myofibrils was observed also in the 
3S .120 presence of Ca (Fig. 1),! in marked contrast to inhibitory action 
arvard | = on skeletal myofibrils, as has been reported by Perry and Grey 
i 52080 (9), who found that no inhibition was observed with Ca as 
J activator as the ATP concentration was increased. The inhibi- 
.040 tion in the presence of Ca begins at a somewhat lower ATP to 
metal ratio than in the case of the Mg experiments. 
> 4 6 8 io 12 Effect of Excess Ca and Mg—Fig. 4 shows that keeping the 
> effect AT? eat ATP concentration below that of Mg does not ensure maximal 
se and : activity. At a fixed ATP concentration, increasing the Mg 
undles Fic. 1. The effect of varying the ATP concentration in the eogncentration beyond an optimal one, corresponding roughly to an 
ns. presence of Ca and Mg on the ATPase activity of cardiac myo- gauivalence of ATP and Mg, leads to decreasing activity, both 
fibrils. Conditions as described under ‘‘Materials and Methods . 
tionof | \ith Ca and Mg additions as indicated below. Abscissa,mmcon- 1 the case of skeletal and in the case of cardiac preparations 
ar less | centration of ATP; Ordinate, P; liberated, as pymoles per minute 
rences per mg of protein; O, 5mm MgCl.; A, 2.5 mm MgCl; 0, 1.0 mm 
e dra- | MgCl2; @, 5.0 mm CaCl:; A, 2.5 mm CaCl.; 1.0 mm CaCl: 100+ 
7, no activator. 
laxing 
phe roughly speaking, whenever its concentration exceeds that of Mg. E - 
es gen- In the absence of added Mg, ATPase activity was very low. = : 
wat he We compared cardiac myofibrils with skeletal preparations and 9 
found that the latter were inhibited to a greater extent by excess = } 
ATP (Fig. 2). Ca, in contrast to its effect on skeletal myofibrils 2 50; 
(9), does not significantly counteract the inhibition by ATP in x 
excess of Mg. = 
In order to investigate the competition between ATP and 38 { 
1 from Mg-ATP, we did three series of experiments, in each of which ' 
y and the concentration of free ATP was kept constant at a different . 
agnifi- value while the Mg-ATP concentration was varied. In calcu- 
f well lating the concentration of the various molecular species, we 
tions. | considered the following equilibria with the appropriate affinity ATP. mM 
ccord- | constants: Fic. 2. C ivi 
dial . 2. Comparison of the effect of ATP on the ATPase activity 
laxing + Ht = Ku = 9 X 108 “Materials and Methods” with ma MgCl, 
ATP* + Mgt+ = MgATP2? Ku, = 3 X 103 mM concentration of ATP; ordinate, APi, wmoles per minute per 
1 Tris : mg of protein as per cent of the maximal value; @, cardiac myo- 
25 to In view of the low affinity constant (~30) of the complex forma- fibrils; O, skeletal myofibrils. 
ystem tion between Mg++ and ATP*- (25), we neglected the existence 
, 399 | of the MgATP- species; concentrations were used instead of 
‘reac. | tivities; and the possible effect of Mg** combination with the 8+ 
fies myofibrillar proteins on the concentrations of the various species my) 
Row. | Was neglected.* The data were plotted in the usual Lineweaver- JE 
Sot Burk fashion for the analysis of enzyme inhibition. Free ATP = 
occur | WS taken as the sum of ATP* and ATP. A typical experi- o 4 
The ?Since an increase in the ionic strength has been shown to ye | 
of Pj inhibit myofibrillar ATPase (9), it was necessary to consider S=2+ 
20% whether the change in ionic strength with increasing ATP con- > ae * 
centration could account for the observed inhibitory effect of = 
excess ATP. With the most unfavorable assumption, viz. that all O 2 4 6 8 io 12 
the excess ATP is present as ATP*-, its contribution to the ionic i oa 
strength, which equals $2c¢jz;?,would be 4(4 + 16) = 10 times the 1/ [MgATP I: mM 
mcen- excess concentration. Addition of KCl to bring about the same 
f the increase in ionic strength produces only an insignificant inhibition. Fic. 3. Inhibition of cardiac myofibrillar ATPase by ATP‘. 
itory, * The highest protein concentration in our experiments was 0.5 Each set of symbols represents ATPase measurements at constant 
mg perml. Assuming a maximal Mg binding of 15 to 20 mole/105 free (ATP~*), the reciprocal (MgATP-?) in mm™ being shown 
ncen g of protein (18), the bound Mg** concentration could be 7.5 X on the abscissa. Ordinate, the reciprocal of the initial rate of P; 
Fig. | 10-5 m at free Mg concentrations considerably higher than those liberation as wmoles per minute per mg of protein. Free ATP 
e rate used in this work. The maximal error in the concentration of concentration: O,2mm;0,5mMm; A,8mm. For details, see the 
free Mg and Mg-ATP would, therefore, be of the order of 5%. text. : 
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In contrast, in experiments with Ca, increasing the Ca concen- 
tration beyond the equivalence point produces in both prepara- 
tions a monotonic increase in ATPase activity. 

Alternative Interpretations of Mg-ATP Interaction—It is of 
interest to examine the results so far described in terms of the 
concentration of Mg** ions as well as in terms of (MgATP?-) 
since it is possible that the enzyme itself is Mg*++-activated and 
that both MgATP?- and ATP* are hydrolyzed (10). Replotting 
the data with (Mg**) as the variable at various total ATP 
concentrations shows that for cardiac myofibrillar ATPase there 
is an optimal (Mg**) (Fig. 5) of 0.5 to 0.7 mm, the total ATP 
varying from 2.5 to 10 mM, with inhibition at higher Mg** 
concentrations. 

The selection of a particular mechanism, the graphic repre- 
sentation of which has some eyecatching feature, is a rather 
doubtful procedure. For instance, the apparent optimal Mgt*+ 
disappears if the ATPase activity is plotted as the function of 
Mg*+ concentration, but by selecting points for which (ATP*-) 
is constant, a family of curves can be obtained, each rising mono- 
tonically with increasing free Mg++ concentration. The relation 
between total ATP, total Mg, and ATPase can be represented by 
a plot of isoactivity curves shown in Fig. 6. Similar plots relat- 
ing any two components of the system, e.g. ATP* and free 
Mg++, total ATP and Mg**, etc., to ATPase activity can be 
constructed. The usual plots representing activity as a function 
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Fia. 4. The effect of Ca and Mgin excess of ATP on the ATPase 
activity of cardiac and skeletal myofibrils. Conditions as de- 
scribed under ‘‘Materials and Methods,’’ with 2.5 mm ATP, and 
CaCl. and MgCl. as shown on the abscissa. Ordinate, AP%i, 
umoles per minute per mg of protein, as per cent of the 
‘maximal activity. The arrow shows the concentration of acti- 
vator equivalent to that of ATP. Cardiac myofibrils: O, Mg; @, 
‘Ca. Skeletal myofibrils: A, Mg; A, Ca. 


SOF 


FREE Mg**, mM 
Fic. 5. Effect of Mg** on cardiac myofibrillar ATPase. Con- 


ditions as described under ‘‘Materials and Methods”’ with (Mg**) 
and total (ATP) as indicated (for details, see the text). Abscissa, 


MOLES /MIN/MG 


(Mg**), mm; ordinate, liberation of Pi, umoles per minute per mg 
of protein. 


Total (ATP): O, 2.6m™M; 0, 5mm; A, 10 mM. 
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Fic. 6. Isoactivity lines of cardiac myofibrillar ATPase as g 
function of total (Mg) and total (ATP). Points—some obtained 
by interpolation—corresponding to the same activity are repre. 
sented by the same symbol. The numbering of the lines shows 
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Fig. 7. The effect of EDTA on the ATPase activity of cardiac 
and skeletal myofibrils. Conditions as described under ‘‘Mate- 
rials and Methods,”’ with 5mm ATP and 5 mm CaCl, or MgCl: as 
indicated. Abscissa, mm EDTA concentration; ordinate, AP, 
pmoles per minute per mg of protein, as per cent of activity with- 
out EDTA; (A) cardiac myofibrils; (B) skeletal myofibrils; O, 
with MgCl.; @, with CaClo. 


of one parameter are essentially cuts through these “activity 
surfaces.” 

Effect of EDTA‘ and Relaxing Factor—The effect of EDTA on 
the Mg-activated heart myofibrillar ATPase is represented in 
Fig. 7. The dependence of the inhibition on the EDTA concen- 
tration in relation to that of Mg suggests that it is caused by the 
chelation of the added activating ion. Full inhibition requires 
an amount of EDTA roughly equivalent to that of the Mg 
present. In comparison, the inhibition by EDTA of the skeletal 
ATPase, also shown in Fig. 7, with 5 mm Mg as activator, shows 
a much sharper concentration dependence, and, in this case, 
the inhibition cannot be explained by simple chelation but must 
depend on some more complicated mechanism. However, with 
Ca as the activator, the EDTA inhibition of ATPase can be 
attributed to chelation, both with cardiac and skeletal myofibrils. 

Heart myofibrillar ATPase was found to be insensitive to the 


‘The abbreviations used are: EDTA, cthylenediaminetetra- 
acetate; RFS, relaxing factor system. 
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_ RFS prepared from rabbit skeletal muscle (14). 
 eofactor that produced a 70 to 80% inhibition of skeletal myo- 
- fibrillar ATPase (19) did not depress the ATPase activity of 
_ myofibrils prepared from rabbit and dog heart. To see if the 


Granules and 


lack of a depressing effect was not caused by the presence of 
some inhibitor of the RFS in the heart myofibrils, the RFS was 
tested on skeletal myofibrils in the presence of heart myofibrils. 
If one corrects for the RFS-insensitive ATPase of the heart myo- 
fibrils, the inhibition of the skeletal myofibrils is not reduced. 
The soluble relaxing factor, formed from incubation of skeletal 
muscle granules, cofactor, and ATP (16) also failed to depress 
the heart ATPase activity. 

Attempts have been made to obtain an RFS preparation from 
dog, beef, and rabbit hearts that would inhibit myofibrillar 
ATPase. The usual methods (15) were used without success, 
nor did varying the time of homogenizing (20) lead to an active 
preparation when tested on cardiac or skeletal myofibrillar 
ATPase. A heart preparation, kindly supplied by Dr. F. N. 
Briggs and found by him to be effective in reducing the ATP- 
induced tension of skeletal glycerinated fibers, had no effect 
on the ATPase of cardiac myofibrils. 

In connection with this apparent lack of sensitivity of the 
heart myofibrillar ATPase to the RFS, it may be significant that, 
according to our observation, myofibrils in fresh heart homogen- 
ates, in contrast to fresh skeletal muscle homogenates, can be 
readily centrifuged. The large packing volume of myofibrils in 
centrifugates of fresh skeletal muscle homogenates was the basis 
of the discovery by Marsh (21) of the existence of a relaxing 
factor in muscle. | 


DISCUSSION 


This work reveals definite differences between skeletal and 
heart myofibrillar ATPase. Inhibition by excess ATP with 
Mg** as activator is less marked with heart myofibrils, whereas 
with the skeletal ATPase there is no inhibition by excess ATP 
with Ca++ as activator. The inhibition of cardiac myofibrils 
occurs both with Mg*+ and Ca*+. A further difference is in 
the response to EDTA. The strong inhibition of the Mg-acti- 
vated skeletal ATPase by small concentrations of EDTA is not 
found for the heart ATPase. The response to EDTA of cardiac 
myofibrils is identical with Mg and Ca as activator and appears 
to be caused by the removal of free metal ions by EDTA. Fi- 
nally, the heart ATPase is refractory to concentrations of skeletal 
relaxing factor that depress skeletal ATPase 70 to 90% and is 
unaffected by similar preparations from heart muscle that were 
found by Briggs (20) to be effective in reducing the tension of 
glycerinated single skeletal fibers. | 

The striking inhibition; of the skeletal ATPase by small 
amounts of EDTA reflects an aspect of the enzyme which is 
absent in the heart ATPase. Perry and Grey (9) suggested 
that this may be the requirement for traces of an activating ion. 
According to Weber (22) small amounts of Ca++ (~10-® m) 
are necessary for activity of the skeletal myofibrillar ATPase— 
although the recent work of Parker and Gergely (23) casts some 
doubt on this view—and both EDTA and higher ATP concentra- 
tions would inhibit by virtue of their formation of complexes of 
those traces of Ca++. 

In view of the inhibition of the relaxing factor by Ca, and of the 
difference between skeletal and cardiac myofibrils with respect to 
their being affected by the RFS, and of the above-described 
differences in the EDTA effect, it might be profitable to assume 
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that the cardiac myofibrils differ from their skeletal counterparts 
in some important aspect related to the relaxing mechanism. 

In connection with the data presented above on the relation- 
ship between the apparent effect on ATPase activity of the vari- 
ous ionic species (Mg++, MgATP?-, ATP*-) present in a Mg-ATP 
system, it should be emphasized that results of this type should 
be interpreted cautiously (see also discussion of Fig. 6 above). 
Although a case can be made for MgATP?- being the true sub- 
strate, and competitive inhibition between it and ATP* (see 
above and also (9)), an alternative exists in a mechanism depend- 
ing on the activation by Mg++ (10, 24). The inhibition by 
excess ATP could be interpreted in terms of a competition be- 
tween the enzyme and ATP* for Mgt+. A metal protein- 
interaction is suggested also for the activating effect of Ca++ 
(see Fig. 4), in view of the increase in rate with increasing total 
Ca in excess of ATP (see (25)). In the experiment reported in 
this paper, an optimal ATP to Mg ratio of 1.1 to 1.5 has been 
found. Optimal metal to ATP ratios have been reported for a 
number of enzymatic systems (9, 26-30) and recently by Lowen- 
stein (31) for the nonenzymatic transphosphorylation between 
ADP and pyrophosphate. The possible participation of com- 
plexes, having a lower reactivity, with a ratio of ATP to. metal 
<1 (29) and >1 (31) has been suggested to explain inhibition by 
excess Mg** and ATP, respectively. 


SUMMARY 


1. The inhibition of adenosine triphosphatase by adenosine 
triphosphate in excess of Mg is less marked for cardiac than for 
skeletal myofibrils. 

2. In contrast to skeletal myofibrils, inhibition of cardiac 
myofibrils by excess adenosine triphosphate also takes place 
when Mg is replaced by Ca. 

3. Excess of Mg over adenosine triphosphate is inhibitory 
both for cardiac and skeletal myofibrillar adenosine triphospha- 
tase, whereas excess Ca monotonically increases the activity of 
both preparations. 

4. The inhibitory effect of ethylenediaminetetraacetate in the 
presence of excess Mg is much less pronounced with cardiac than 
with skeletal myofibrils. This can be interpreted as a simple 
chelation effect. Cardiac myofibrils were found to be insensitive 
to the relaxing factor system of skeletal muscle. 

5. The differences between skeletal and cardiac myofibrils 
have been discussed from the point of view of possible differences 
in the mechanism of relaxation; the kinetic effects produced by 
adenosine triphosphate and Mg have been analyzed in terms of 
the various ionic species present. 
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The formation of regenerating wound tissue involves not only 
production of new cells but also synthesis of relatively large 
amounts of protein (1-5). From these facts, it may be inferred 
that while this new tissue is being formed, nucleic acid metabo- 
lism is probably different from that observed in normal animals. 
There has been some indication that this may be the situation 
for ribonucleic acid during limb regeneration in amphibia (6). 
The problem of the formation and metabolism of both types of 
nucleic acid during regeneration of liver has been investigated 
extensively (7-13). As the liver is a more versatile and active 
tissue than the skin, in the metabolic sense, it might be expected 
that the metabolism of nucleic acids in regenerating skin tissue 
should be on a different level from that in regenerating liver. As 
yet, no basis for comparison exists, inasmuch as there appears to 
be no literature even on the nucleic acid content of such regen- 
erating tissue. However, there are several reports indicating 
that specific nucleotides affect the formation of regenerating 
wound tissue (14-18). 

The earliest work on nucleic acids was in connection with 
exudates from regenerating wound tissue (19). More recent 
work on such exudates still does not definitely establish whether 
the nucleic acids originate in the damaged cells, extraneous body 
tissue, leukocytes, or by synthesis in cells of the regenerating 
tissue (20-22). 

The demonstration of great changes in the protein metabolism 
of injured animals as compared to normal animals (1, 2, 23, 24) 
points to the possibility that there also may be some change in 
the nucleic acid metabolism of the wounded animals. It seems 
quite probable that some further clue to the metabolism of the 
nucleic acids may be obtained from consideration of the nucleo- 
tide content of the regenerating tissue. The present report con- 
siders the metabolism of nucleic acids in regenerating wound 
tissue and in the nonregenerating tissues of wounded animals. 


EXPERIMENTAL PROCEDURE 


The following experiments were carried out on female albino 
rats weighing 200 + 20 g at the start of the experiment. In 
every case, the animals were maintained on a protein-free diet 
(1) for 3 days before the beginning of the experimental period. 
In order to keep all the animals on the same caloric intake, they 
were offered 8 g of diet per day. This amount of food had been 
found to be completely consumed before the next daily feeding. 

* This investigation was supported in part by a research grant 


from the United States Public Health Service. 
t Fulbright Fellow, 1958-61. 


Water was permitted ad libitum. This regime was used because 
it had been shown that the rate of tissue regeneration is greatly 
affected by dietary protein intake (23, 25). Not only did the 
animals serve as their own supply of nitrogen, but it was ex- 
pected also that the formation of protein and nucleic acids would 
be minimal except in the regenerating wound tissue. 

On the 4th day, while under Nembutal anesthesia, the rats 
were wounded as previously described (25), being given a stand- 
ard circular wound 4 cm in diameter by excision of the skin on 
the back of the neck down to the loose fascia. At various in- 
tervals thereafter, several of the animals were killed and samples 
of liver, kidney, and regenerating tissue taken. The tissue 
samples were immediately homogenized in the cold. Although 
liver and kidney samples were readily homogenized with a glass 
and Teflon homogenizer, the regenerating wound tissue could be 
homogenized satisfactorily only by being ground repeatedly in a 
mortar with sand and small amounts of cold water. In several 
experiments, essentially the same results were obtained from the 
analysis of samples of the same liver or kidney when homogenized 
either in glass or by grinding with sand. 

After withdrawal of an aliquot of the homogenates for the 
determination of total nitrogen (micro-Kjeldahl), the remaining 
material was treated with 10% trichloroacetic acid to precipitate 
the proteins and nucleic acids. The supernatant fluid was con- 
sidered to be the “acid-soluble phosphate” fraction. The pre- 
cipitate was then fractionated to separate the RNA from the 
DNA by a modification of the technique described by Schmidt 
and Thannhauser (26, 27). The phosphate content of each frac- 
tion was measured by the method of Fiske and SubbaRow (28) 
as modified by Leloir and Cardini (29). Analysis of the RNA 
fraction showed that 2.9 + 1.0% of the total phosphate in the 
samples was inorganic, probably arising from hydrolysis of part 
of the phosphoproteins during the fractionation procedure (30). 

In those instances where sufficient tissue was available, the 
nucleic acid content of the RNA and DNA of the homogenized 
tissues was also determined by measuring the pentose in these 
fractions. Deoxyribose was determined by a modification of the 
diphenylamine method of Dische (31, 32), with deoxyadenosine 
as the standard. Ribose was measured by the orcinol method of 
Mejbaum (33), with AMP as the standard. These methods 
have been reported to measure only the pentoses contained in 
purine nucleotides (34). Analysis of the nucleic acid fractions 
from the wound tissue showed that it contained approximately 
2 moles of phosphate per mole of pentose. 

After determination of the level of nucleic acid in the regenerat- 
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ing wound tissue, a study was undertaken to determine the rela- 
tive rate of formation of the nucleic acids during different stages 
of regeneration. Rats which had been kept on a protein-free 
diet were wounded as described above. Two hours before the 
wounded rats were killed for the collection of tissue samples, 80 
uc of disodium phosphate-P* were administered subcutaneously 
to each one. After separation of the DNA and RNA fractions 
of the tissue samples, the phosphate content was measured and 
the activity of the P® in the fractions determined by means of an 
end window G-M counter tube assembly. 


RESULTS AND DISCUSSION 


The amount of DNA contained in regenerating tissue at var- 
ious intervals after excision of the skin is shown in Fig. 1. The 
data from three separate and consecutive experiments are in- 
cluded. It was found particularly difficult to obtain valid data 
from analysis of samples collected before the 5th day after 
wounding, because usually the regenerating tissue formed up to 
this time was insufficient for replicate measurements. The 
amount of DNA per milligram of nitrogen in the regenerating 
tissue appeared to increase for about 8 days and thereafter grad. 
ually decreased. This decrease may have been more apparent 
than actual, because the nitrogen content of this tissue had been 
shown to increase as regeneration progressed (1, 3, 23). Thus, 
on the basis of tissue weight, the DNA appeared to remain al- 
most unchanged once it had reached the maximal level. 

The amount of RNA per milligram of nitrogen in the regen- 
erating tissue, shown in Fig. 2, also reached its maximum at 
about 8 days after wounding. 
than twice as much RNA as DNA, on the basis of phosphorus, 
in the regenerating tissue. To some extent, the very great de- 
crease in the RNA level was, as in the situation with DNA, a 
reflection of the increasing nitrogen content of the regenerating 
tissue. However, even on the basis of tissue weight, there ap- 
peared to be an appreciable decrease in the amount of RNA in 
the newly formed tissue after the 8th day. 

The data shown in Table I were obtained from the analysis of 
the P® incorporated into the nucleic acids of the regenerating 
tissue, 2 hours after the administration of the radiophosphorus. 
The incorporation of P® into the RNA fraction indicated a rapid 
production of this nucleic acid during the early stages of tissue 
formation. Thereafter, the rate of RNA formation decreased 
very considerably to a much lower but relatively constant level. 
This reduced rate of RNA formation may be another factor 
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Fic. 1. The DNA content of regenerating wound tissue in 
micromoles of nucleic acid phosphorus per mg of tissue nitrogen 
at various intervals after wounding. Data from three consecutive 
experiments are included; each point represents the data from the 
analysis of tissue of 4 to 6 rats. The vertical lines through the 
data points show the range of analytical values. 
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Fic. 2. The RNA content of regenerating wound tissue in 
micromoles of nucleic acid phosphorus per mg of tissue nitrogen 
at various intervals after wounding. Data and symbols are the 
same as in Fig. 1. 


TABLE I 


Incorporation of P?? into nucleic acids of regenerating 
wound tissue 


Days after Acid-soluble 


wounding nes phosphate 
c.p.m./pmole phosphate 
5 940 + 100 230 + 26 | 3560 + 310 
8 260 + 100 720 + 160 2880 + 370 . 
12 240 + 100 235 + 43 3290 + 640 
15 190 + 73 < 100 7480 + 680 


which contributes to the decrease in the RNA level in the regen- 
erating wound tissue shown in Fig. 2. 
In terms of specific activity, the most rapid formation of DNA, 


indicative of the greatest mitotic activity and cell replication — 


(35), appeared to occur about 8 days after wounding; within 2 
weeks, the uptake of P*? by the DNA fraction became practically 
zero. In this way, the metabolism of the DNA of the regenerat- 
ing wound tissue eventually assumed the characteristics of that 
in nonregenerating tissue with respect to production and turn- 
over (13). The specific activity of the acid-soluble phosphate 
fraction, which contained not only nucleotides but also other 
organic and inorganic phosphates of low molecular weight, re- 
mained approximately unchanged throughout almost the entire 
experimental period. The very great increase observed at about 
15 days may be connected with the fact that at this time there 
was relatively little RNA and essentially no DNA production, 
and therefore greatly reduced phosphate utilization. 

It has been shown in many experiments (2, 23, 24, 35-37) that 
the stimulus of wounding results in very great changes in protein 
metabolism. To find if this stimulus also affects nucleic acid 
metabolism, liver and kidney tissue samples from normal and 
wounded animals were fractionated and the nucleic acid content 
measured. In all experiments, it was found that the DNA level 
of these tissues remained unchanged through the entire period 
of observation. However, the amount of RNA in these tissues 
appeared to fluctuate widely during the course of tissue regenera- 
tion (Table II). In the liver, the concentration of RNA began 
to rise rapidly and reached a peak level in about 5 to 6 days. 
After a precipitous decrease to a level equal to, or even below, 
that found in the liver of normal animals, the RNA concentration 
began to rise rapidly again. The second periud of RNA deposi 
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tion began about 10 days after the injury was made. The same 


- situation was found to hold with regard to the level of RNA in 
the kidney with the exception that the first period of RNA 
~ gecretion was so small that it is not statistically significant. 
_ These same changes were regularly observed in several other 


experiments. 

The uptake of P® by the nucleic acids of nonregenerating 
tissues, 2 hours after the administration of radiophosphorus, is 
presented in Table III. The specific activity of the P® in the 
RNA and acid-soluble phosphate fractions of both the liver and 


kidney in the wounded rats was much below that found in the 


control animals. This decreased ability to take up P® appeared 
to continue until after the maximal utilization of nucleotides by 
the regenerating tissue for the formation of nucleic acids. After 
this time, the rate of formation of nucleotides and RNA in the 
nonregenerating tissues began to return to the level found in the 
unwounded animals. 

The inhibition of P® uptake by the liver during the early 
phases of regeneration may be a partial explanation of the 
greater increase of RNA formation in the liver and kidney be- 
tween the 10th and 15th days as compared to the lst to 6th 
days after wounding (Table II). It seems possible also that the 
stimulus of wounding may affect the formation of nucleotides 
rather than the synthesis of RNA from nucleotides, since the 
decreased uptake of P® by the RNA and by the acid-soluble 
phosphate fractions appears to follow the same pattern of change. 
The over-all increase in the level of RNA in the nonregenerating 
tissues may be presumed to be a part of the mechanism to re- 


place the protein utilized to supply the excess sulfur amino acids 


required by the regenerating wound tissue proteins and the 
residual nitrogen to make up the negative nitrogen balance (2, 
23, 24). Inasmuch as the formation of RNA is markedly de- 
creased below normal during the period of tissue regeneration 
(see Table III), the increase of RNA in the nonregenerating 
tissues must be attributed to an inhbition in the breakdown of 
this nucleic acid. 

Although there appears to be no significant change in the acid- 
soluble phosphate fraction of the kidney, this fraction increases 
very rapidly in the liver after wounding and then gradually 
begins to return to the normal level. It seems possible that 
these changes are related to the great increase in the production 
of urea in the liver since they coincide approximately with the 
period of excessive protein catabolism and nitrogen excretion 
usually observed after injury. 


SUMMARY 


During the study of nucleic acid metabolism in wounded rats, 
it was found that almost three times as much ribonucleic acid 
as deoxyribonucleic acid is deposited in the regenerating wound 
tissue. On the basis of nitrogen content, both nucleic acids 
reach a maximal concentration in about 8 days, followed by a 
rapid and marked decrease. This decrease appears to stem 
largely from the increase in nitrogen content of the regenerating 
tissue as regeneration progresses. From the uptake of radio- 


active phosphorus, it appears that ribonucleic acid is formed 
most rapidly during the very early phases of regeneration, 
whereas deoxyribonucleic acid is formed most rapidly at about 
8 days. Shortly thereafter, deoxyribonucleic acid synthesis 
ceases. The accumulation of ribonucleic acid in the liver and 
kidney of wounded rats is inferred to be the result of an inhibition 
of ribonucleic acid breakdown. 


The course of accretion of ribo- 
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TABLE II 


Nucleic acid content of nonregenerating tissues of wounded 
and normal rats 


Days Liver Kidney 

pmoles phos phate/mg tissue nitrogen 
O* | 1.20 + 0.05 | 1.11 + 0.14 | 1.06 + 0.12 | 1.35 + 0.08 
5 | 1.45 + 0.02 | 2.37 + 0.18 | 1.12 + 0.14 | 1.52 + 0.15 
8 | 1.02 + 0.07 | 2.12 + 0.09 | 0.51 + 0.06 | 1.34 + 0.22 
12 | 1.96 + 0.30 2.09 + 0.14 1.10 + 0.17 | 1.50 + 0.19 
15 | 2.17 + 0.28 | 1.66 + 0.14 | 1.33 + 0.12 | 1.57 + 0.07 
* Unwounded rats. 
TABLE III 


Incorporation of P® into nucleic acids of nonregenerating 
tissues of wounded rats 


Days Liver Kidney 
| 
Acid-solubl id- 
ng RNA RNA | 
c.p.m./pmole phosphate 
O* | 1080 + 269 | 9180 + 1170; 850 + 251 | 3230 + 470 
+) 590 + 140 | 5140 + 1070 | 605 + 70 1980 + 200 
8 520 + 160 | 4890 + 1030 | 510 + 40 1980 + 150 
12 650 + 200 | 5520 + 870 740 + 73 2090 + 180 
15 695 + 140 | 6540 + 430 890 + 97 2670 + 260 


* Unwounded rats. 


nucleic acid in these tissues appears to be interrupted by a short 
period during which the concentration is greatly reduced followed 
by a return to a level even higher than normal. 
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Experiments of Flaks and Cohen (1) demonstrated that a new 
enzyme, deoxycytidylate hydroxymethylase, appears after in- 
fection of Escherichia coli with T6 bacteriophage. Since that 
report, several other enzymatic activities influenced by phage 
infection have been described. These may be divided into two 
classes depending on whether the given activity is or is not de- 
tectable in the uninfected cell. Included in the group of enzymes 
which are measurable only after infection with bacteriophage are 
deoxycytidylate hydroxymethylase (1), deoxycytidylate deam- 
inase (2), deoxycytidine triphosphosphatase (3, 4), hydroxy- 
methyldeoxycytidylate kinase (3, 5), and the hydroxymethyl- 
deoxycytidylate glucosylases (3). In distinction to these, a 
group of enzymes already present in the uninfected cell markedly 
increases in activity after infection. This group includes thy- 
midylate synthetase (6), deoxyguanylate, thymidylate, and 
deoxycytidylate kinases (3, 7), and deoxyribonucleic acid poly- 
merase (3). The question arises whether the increased activities 
in this latter group represent stimulation of the pre-existing en- 
zymes or synthesis de novo of the enzymes. If the increased 
activity represents net synthesis of the enzymes, is this a syn- 
thesis of the same enzyme present before infection, or is it syn- 
thesis of a different protein having the same type of activity? 

A preliminary report (8) suggested that the increase in deoxy- 
guanylate kinase activity after infection of E. colt with T2 bac- 
teriophage represents a synthesis of a deoxyguanylate kinase 
different from the enzyme measurable before infection. This 


- report presents new data which strongly support this view. 


EXPERIMENTAL PROCEDURES 
Materials 


Deoxyribonucleoside monophosphates were products of the 
California Corporation for Biochemical Research. Deoxygua- 
nylate labeled with P®? was prepared from DNA isolated from 
E. coli that had been grown on a synthetic medium containing 
P®labeled inorganic orthophosphate (9). Bacterial and phage 
stocks were the same as used previously (7). Dialysis tubing 
was a product of the Visking Corporation, and diethylaminoethyl 
cellulose (10) (type DE 50, powder form) was purchased from 
H. Reeve Angel and Company, Inc. 


* Contribution No. 317 of the McCollum-Pratt Institute. This 
investigation was supported by a grant (No. C-4088) from the 
National Cancer Institute, National Institutes of Health. 

t Predoctoral Fellow of the National Cancer Institute, National 
Institutes of Health. 


Methods 


Analytical Procedures—Radioactivity was measured in a thin 
window, gas flow counter with approximately 50% efficiency for 
P®, Protein was determined according to the procedure of 
Lowry et al. (11). 

Preparation of Extracts—Cells were grown in the C medium of 
Roberts et al. (12) and infected with bacteriophage as described 
previously (7). At given times after infection, 40 ml of cells 
(0.5 to 1.0 X 10° cells per ml) were chilled rapidly to 4° and 
centrifuged at 5000 x g for 10 minutes, and the pellets were 
transferred to a 7-ml centrifuge tube with 2.0 ml of 0.02 m Tris 
buffer, pH 7.5. The cells were disrupted by sonic oscillation for 
1 minute with a Mullard sonic oscillator. Cell debris was sedi- 
mented by centrifugation at 20,000 x g for 10 minutes. For 
experiments with dialyzed extracts, the supernatant fluid was 
transferred to dialysis tubing previously soaked for at least 24 
hours in a solution containing 0.001 m disodium Versenate, 
0.001 m reduced glutathione, and 0.01 mM sodium phosphate 
buffer, pH 7.0. The samples were dialyzed at 4° against 500 
volumes of 0.01 m Tris, pH 7.5, for 15 hours in an Oxford model 
B multiple dialyzing apparatus. | 

Assay of Deoxyguanylate Kinase—This enzyme was measured 
as described previously for deoxyribonucleotide kinases (9). 
This assay measures the rate of formation of a phosphatase- 
resistant substance (deoxyguanosine di- or triphosphate) from 
a phosphatase-sensitive substance (deoxyguanosine monophos- 
phate). The incubation mixture contained Tris buffer, pH 7.5 
(20 umoles), MgCl. (3 umoles), sodium ATP (1 umole), sodium 
deoxyguanylate-P* (160 mumoles, 0.5 to 1.5 x 10° ¢.p.m. per 
umole), and enzyme in a final volume of 0.25 ml. Each tube 
also contained 0.05 ml of a heated extract of FE. coli (see be- 
low). Potassium chloride was added to the reaction mixture 
as indicated. The tubes were incubated for 20 minutes at 
37°. Under the conditions described, the rate of the reaction is 
proportional to the concentration of enzyme added up to 1 unit. 
A unit of enzyme is that amount catalyzing the phosphorylation 
of 100 mumoles of deoxyguanylate per hour. 

Preparation of Heated Extract—Heated extracts of E. coli, de- 
void of deoxyguanylate kinase activity, stimulate the phos- 
phorylation of deoxyguanylate approximately 30% in crude 
extracts of normal] and infected cells. Accordingly, 0.05 ml of 
the following preparation was added to each incubation. A total 
of 100 mg of an acetone powder of E. coli (normal cells or cells 
infected with T2 bacteriophage) were extracted with 10.0 ml of 
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water at 37° for 30 minutes. After centrifugation at 20,000 x g 
for 10 minutes the residue was discarded. The supernatant 
solution was diluted with an equal volume of water and was 
heated at 70° for 6 minutes. After chilling and centrifugation 
as above, the residue was discarded. The supernatant fluid is 
designated as heated extract. The active material in this crude 
preparation is under investigation. 


RESULTS 


Effect of Potassium Ions on Deoxyguanylate Kinase Activity— 
During the course of purification of the enzyme from extracts of 
E. colt, it became evident that the addition of potassium ions to 
the incubation medium accelerated the rate of phosphorylation 


of deoxyguanylate (8). 


This stimulation by added potassium 


ions could be increased by using sodium salts of all reagents in 
the assay system, and by dialyzing the extracts to lower the 
endogenous potassium ion concentration. 

In marked contrast to the stimulatory effect of potassium ions 
on the enzyme from extracts of normal cells, the activity of deoxy- 
guanylate kinase in extracts of cells infected by T2 bacteriophage 


was inhibited. 


The data in Fig. 1 show the effect of increasing potassium ion 
concentration on the deoxyguanylate kinase activity of extracts 
prepared from normal and T2-infected cells. Both extracts, 
prepared in the usual manner, were dialyzed for 15 hours against 
1000 volumes of 0.01 m Tris, pH 7.5, before use. The curve for 
the normal extract shows that maximal stimulation is reached 


(INFECTED) 


UNITS/ml 


(JOYLNOD) 1W/SLINN 


MOLARITY OF KCl 


Fic. 1. Effect of potassium ions on deoxyguanylate kinase in 
normal and T2-infected £. coli. In addition to the usual con- 
stituents in the incubation mixture, KCl was added to give the 
indicated final concentrations. O——O, extract from infected 
cells; @——®@, extract from normal cells. 


TABLE I 


Effect of cations on activity of deoryguanylate kinase 


In addition to the usual constituents, the incubation mixture 
contained the indicated cations (as chlorides) at a final concentra- 


tion of 0.2 m. 


Source of extract Protein 


Deoxy-GTP formed in presence of 


| Kt Rb* | | Nat Cs* Li* 

ug mymoles 
Normal cells.....| 11 | 0.1 1.0! 


TABLE II 


Patterns of deoryguanylate kinase in normal and phage-infected | 


E. coli assayed in presence and absence of potassium 


The incubation mixtures contained 0.64 m KCl where indicated | 
in addition to the usual assay constituents. Extracts were made — 


at 5, 10, 15, 20, 30, and 40 minutes after infection with the indicated 
phage, and in each case the values reported indicate the maximal 
value obtained after infection. 


Extract Kt Control Infected 
| units/mg protein units/mg 

T2 _ | 2.5 76 
+ 8.7 19 

T4 | “ | 0.6 46 

| + | 7.8 17 

T6 _ | 1.2 28 
+ 7.5 15 

T5 _ | 2.7 14 
+ | 11.0 22 


$e 


at a potassium ion concentration approximating 0.25 m and that 
higher concentrations have no further effect. The curve for 
the extract prepared from infected cells falls off steeply with in- 


creasing potassium ion concentrations and reaches a limiting 


value above 0.60 m. 

Specificity of Potassium Ions—A survey of most of the alkali 
metals and ammonium ion in respect to their relative ability to 
stimulate deoxyguanylate kinase in normal cells revealed that at 
a final concentration of 0.2 mM, rubidium and ammonium are half 
as active as potassium, and cesium, sodium, and lithium are in- 
active. This is in marked contrast to the results with the en- 
zyme from infected cells in which it may be seen that all the 
ions inhibited the activity to approximately the same extent 
(Table I). The inhibition is not caused by the chloride ion, 
since in another experiment potassium chloride, phosphate, and 
sulfate present in equimolar concentrations inhibited 59, 56, 
and 70%, respectively. These results suggest that the stimu- 
latory effect on the enzyme from normal cells is related to some 
specific property of the cations, whereas the inhibitory effect on 
the enzyme from infected cells is nonspecific and most probably 
a consequence of ionic strength. 

Comparison of Extracts Prepared from Cells Infected with T2, 
T4, T5, and T6 Bacteriophages—All the T-even phages (T2, T4, 
T6) and T5 stimulate deoxyguanylate kinase formation (3, 7). 
The question as to whether the enzyme formed under the stimu- 
lation of these different phages also loses its potassium require- 
ment or whether this is a unique phenomenon peculiar to T2 
was answered by measuring deoxyguanylate kinase activity in 
the presence and absence of potassium in dialyzed extracts pre- 
pared from E. coli infected with each of these phages. In each 
case, the activities measured in the presence and absence of 
potassium before infection were compared to the corresponding 
activities after infection. 

The data in Table II show thatin each case thereis a potassium- 
independent increase in enzymatic activity after infection. 

Chromatography of Extracts from Normal and T2-infected E. 
coli—The difference in the effect of potassium ions on the activity 
of deoxyguanylate kinase in normal and virus-infected extracts 
suggested that other differences might become apparent on 
further comparison of the enzymes from the two sources. Early 
attempts to purify the enzymes from normal and infected ex- 
tracts indicated that the deoxyguanylate kinases of uninfected 
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and infected cells behaved differently when chromatographed on 
columns of diethylaminoethy] cellulose. In order to analyze 
this preliminary evidence further, the following experiment was 
performed. 

E. colt cells were grown at 37° with vigorous aeration in the 
yeast extract medium described previously (9). When growth 
had reached a cell density of approximately 1 x 10° cells per ml, 
the culture was infected with enough phage to give a phage to 
bacterium ratio of 4. Immediately after addition of the phage, 
the aeration was discontinued. Thirty minutes after addition 
of the phage, the culture was harvested in a Sharples super- 
centrifuge at a flow rate of 150 to 200 ml per minute. The 
pellet was weighed and suspended in 5 volumes of 0.05 m glycyl- 
glycine buffer, pH 7.4, and the mixture was exposed to sonic 
oscillation for 40 minutes at maximal output in a Raytheon 
10-ke magnetostrictive oscillator, model DF101. The cell debris 
was sedimented by centrifugation at 15,000 x g for 15 minutes, 
and the clear supernatant fluid was adjusted with 0.05 m glycyl- 
glycine buffer, pH 7.4, to give a final protein concentration of 
10 mg per ml (crude extract). This material was treated with 
0.3 volume of 5% streptomycin sulfate. After 10 minutes at 
0°, the suspension was centrifuged and the streptomycin pre- 
cipitate was discarded. The clear supernatant fraction, con- 
taining all the activity of the original extract, was applied to the 
chromatographic column. For preparation of the normal ex- 
tract, the cells were grown, harvested, sonicated, and treated 
with streptomycin in the same way as above. The only differ- 
ence was the omission of the infection with phage. From 15 
liters of culture medium, the yields of crude extract were approxi- 
mately 200 ml for the infected culture and about 400 ml for the 
normal culture. 

The streptomycin fractions were chromatographed on 19- xX 
100-mm columns of diethylaminoethy] cellulose previously equili- 
brated with 0.02 m sodium phosphate, pH 8.1. A linear gradient 
was established with the use of 500 ml of 0.05 m NaC]! in 0.02 
mM sodium phosphate, pH 8.1, in the mixing vessel and 500 ml of 
0.50 m NaCl in 0.02 sodium phosphate, pH 8.1, in the reservoir. 
Both eluents contained 0.005 m 2-mercaptoethanol. The strep- 
tomycin fraction from normal cells (16 ml) was applied to one 
column, and the corresponding fraction from infected cells (20 
ml) was applied to another. Flow rates for both columns were 
approximately 1.3 ml per minute. The tubes were assayed 
under standard conditions with and without added potassium 
ions. Profiles of the activities in the eluents of the respective 
columns are shown in Figs. 2 and 3. 

In the chromatogram of the normal extract (Fig. 2) a single 
peak is evident with activity falling to the base-line on either 
side. Potassium ions have a marked stimulatory effect on this 
activity. The total enzyme units recovered in the eluent assayed 
in the presence and absence of potassium, respectively, account 
for 96 and 83% of the activities applied to the column. In con- 
trast to this single peak, two discrete peaks are present in the 
chromatogram of the infected extract (Fig. 3). Again, the 
first peak represents an activity stimulated by potassium. The 
second peak, however, represents enzyme which is inhibited by 
potassium. Recovery of activities applied to this column were 
83 and 71%, as determined by assays in the presence and absence 
of potassium, respectively. All the activity present in the ex- 
tract before infection with phage can be accounted for in the 
first peak, suggesting that the additional activity (second peak) 
was formed after infection. 

It can be seen that the peak representing the enzyme in the 
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Fic. 2. Chromatography of an extract of normal cells on di- 
ethylaminoethyl] cellulose. Approximately 64 mg of protein were 
put onto a column 19 X 100 mm and eluted by a linear gradient of 
KCI according to details given in the text. 
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Fic. 3. Chromatography of an extract of T2-infected cells on 
diethylaminoethyl cellulose. Approximately 80 mg of protein 
were put onto a column with the same dimensions as that in Fig. 
2 and eluted in the same manner. 


normal cell and the first peak of the infected extract were eluted 
in the same region of the chromatogram. No activity cor- 
responding to the second peak of the infected extract was evident 
in the chromatogram of the normal cells (see “‘Discussion’’). 


DISCUSSION 


With respect to activation by potassium ions, the difference 
between the deoxyguanylate kinase activities of normal and vi- 
rus-infected E. coli suggests that the large increase in activity 
after virus infection is due to the formation of an enzyme dif- 
ferent from that in the preinfected cell. This difference could 
reflect either a small change in the catalytic site of the protein 
molecule or a major change in protein structure. The separa- 
tion of the two proteins on diethylaminoethy] cellulose into dis- 
crete peaks favors the idea that the new protein differs from the 
enzyme in the normal cell by more than a slight change in con- 
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Although unlikely, in view of the chromatographic data, the 
differential effect of potassium ions might be attributed to a 
secondary effect on some inhibitor present in the extract from 
normal cells or on some activator present in the extract from in- 
fected cells. Data reported previously (8) do not support this 
possibility, since a mixture of the two extracts assayed in the 
presence and absence of added potassium exhibited activities 
equal to the sum of the activities assayed separately. This, of 
course, does not rule out the presence of activators or inhibitors, 
but it makes it less likely that the observed effects are explain- 
able on these grounds or on some nonspecific effect of protein 
concentration in the assay mixture. 

After chromatography under conditions which separate the 
two activities (Fig. 3), the enzyme from normal cells is not com- 
pletely inactive in the absence of added potassium ions but still 
retains 20% of its maximal activity. Before this separation was 
achieved, it was not possible to choose between the alternatives 
that the residual activity in the absence of potassium in normal] 
extracts was due to the presence of the potassium-independent 
enzyme as a minor component, or that there was only one enzyme 
present before infection, whose requirement for potassium was 
not absolute. It is now evident that the residual activity in 
the absence of potassium is not due to the same enzyme which 
is formed after infection, since this activity is easily separable 
from that in the normal] extract. A decision as to whether there 
is or is not an absolute requirement for potassium by the enzyme 
from normal cells should be forthcoming from studies with a 
purified enzyme. Although preliminary data do not support 
it, the existence of a third enzyme which phosphorylates deoxy- 
guanylate, does not require potassium, and which is not separable 
from the potassium-requiring enzyme by chromatography on di- 
ethylaminoethy] cellulose has not been excluded. The presence 
of such a protein could account for the small residual activity in 
the absence of potassium. 

These results are of interest in respect to some recent observa- 
tions of Cohen (13) who demonstrated that thymidylate syn- 
thetases from three different sources (uninfected FE. coli B, and 
T2- and T5-infected thymineless F. coli) were indistinguishable 
with respect to their inhibition by the 5’-monophosphates of 
fluorodeoxyuridine and arabino furanosyl fluorouracil. This 
suggested to him that the enzymes from these three sources had 
the same or very similar active sites. In the light of evidence 
reported here, it would be of interest to determine whether the 
rest of the protein molecule in thymidylate synthetase from the 
three sources is also identical. Likewise, in the light of Cohen’s 

observations, it would be of interest to study the specificity of 
the deoxyguanylate kinase of normal and infected cells to com- 
pare the active sites of these two different proteins. Experi- 
ments of this nature are in progress. 

It is still unknown whether the enzyme which appears after 
viral infection is present at all in normal £. colt. The data in 
Fig. 2 show that no activity is detectable in extracts of normal 
E. colt in the region of the chromatogram corresponding to that 
occupied by the major enzyme component of infected cells (Fig. 
3). Also, all the enzyme present in the extract of the normal 
cells before chromatography is accounted for in the first peak 
(Fig. 3). The sensitivity of the assay employed for these studies 
is such that an activity 5% or less of the total activity in the 
normal extract would be within the error of measurement. The 
elegant experiments of Cohen (13) on hydroxymethylase, an 
enzyme which is detectable only in extracts of FE. colt infected 
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with the T-even bacteriophages, have demonstrated that less 


than one active molecule of this enzyme is present in E. colj 
before infection. 
in deciding between the two possibilities: (a) there is a low leve] 


synthesis of this potassium-independent deoxyguanylate kinase — 
in normal cells which is augmented by phage infection; or (b) — 
none of this enzyme exists before infection, and initiation of its | 


synthesis is a specific consequence of the phage infection. 


cells. 
category in order to answer this question 


SUMMARY 


In contrast to the 5- to 10-fold stimulation of deoxyguanylate | 


kinase of normal cells by potassium ions, the corresponding en- 
zyme in extracts of cells infected with T2, T4, T5, or T6 bac- 
teriophages is inhibited by potassium. 

Chromatographs of extracts of normal cells on columns of di- 
ethylaminoethyl cellulose show one component accounting for 
all the activity in the original extracts. Chromatographs of ex- 
tracts of T2-infected cells show two components, one correspond- 
ing to the enzyme from normal cells in its activation by potassium 
and its position on the chromatogram and the other correspond- 


Only experiments of this sensitivity are useful — 


It is not yet known whether deoxyguanylate kinase is an iso. : 
lated example or if all the enzymes which increase in activity — 
after infection are different from their counterparts in the normal : 


At present we are investigating other enzymes in this 


ing to the major component of infected cells in its inhibition by 
potassium. These results indicate that the increased activity 
of deoxyguanylate kinase of phage-infected Escherichia coli repre- 
sents a different protein from the deoxyguanylate kinase in the 
uninfected cell. 


Addendum—We have recently obtained evidence that the 
thymidylate kinase formed in T2 infected Escherichia coli is 
different from the thymidylate kinase in the uninfected bacte- 
rium. This supports the hypothesis that enzymes synthesized 
after phage infection are different from their counterparts in the 
normal cell. A manuscript describing these results is in prepara- 


tion. 
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It has often been observed that populations of microorganisms 
and of neoplastic cells that are initially sensitive to growth in- 
hibitors can become resistant upon exposure to such inhibitors. 
Mutational events in a small fraction of the cell population, 
followed by selective growth in the presence of the inhibitor, is 
one mechanism by which drug-resistant cells arise. Resistance 
to purine analogues, such as 6-mercaptopurine and 8-azaguanine, 
is often accompanied by altered purine metabolism. For example, 
§-mercaptopurine-resistant Lactobacillus casei exhibited loss of ca- 
pacity to utilize hypoxanthine for growth, and azaguanine-resist- 
ant L. caset showed poor utilization of guanine or hypoxanthine 
for growth compared to the parent strain (1, 2). Strepto- 
coccus faecalis mutants resistant to both azaguanine and 6-mer- 
captopurine were unable to utilize guanine or hypoxanthine for 
growth in medium in which exogenous purines were required 
(3-5). Comparisons of the incorporation of radioactive purines 
into the nucleic acids in analogue-sensitive and analogue-resistant 


- microorganisms have shown interesting differences. In some 
instances, resistance was observed to be accompanied by mark- 
edly decreased capacity of resistant cells to utilize certain of the 
/ exogenous purines as sources of nucleic acid purines (6, 7). 

_ Studies of the intermediary metabolism of purines and purine 
analogues in different strains of S. faecalis and in several lines of 
mouse neoplasms revealed that resistance to 8-azaguanine and 
to 6-mercaptopurine was accompanied by marked decrease in 
the capacity to form nucleotide derivatives of these analogues as 
well as of guanine and hypoxanthine (5, 8-11). Conversion of 
the analogue to its ribonucleotide appears to be critical for 
inhibitory activity and failure to carry out this conversion is, 
therefore, associated with resistance to the analogue. The pres- 
ent study extends these investigations to an analysis of the ca- 
pacity of enzyme preparations from sensitive and resistant 
bacterial cells to catalyze the reactions of natural purines and of 
pertinent purine analogues with ribosylpyrophosphate 5-phos- 
phate to yield the corresponding ribonucleotides; this would be 
the expected major pathway of purine ribonucleotide formation. 
Preliminary reports of aspects of this work have appeared else- 
where (12-14). 

*The work at Southern Research Institute was supported by 
grants from the Alfred P. Sloan Foundation, the Charles F. Ket- 
tering Foundation and by the Cancer Chemotherapy National 
Service Center (Contract No. SA-43-ph-2433). The work of Dr. 
Hutchison at Sloan-Kettering Institute was assisted by Research 
Grant T107 from the American Cancer Society and by Contract 


SA-43-ph-2445, Cancer Chemotherapy National Service Center, 
| National Cancer Institute, National Institute of Health. 
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EXPERIMENTAL PROCEDURE 


Substrates and Reference Compounds—Hypoxanthine-8-C", 
xanthine-8-C"™, 8-azaguanine-2-C™ and 8-azaxanthine-2-C™ were 
synthesized at Southern Research Institute. Adenine-8-C™ was 
purchased from Volk Radiochemical Corporation; guanine-8-C™ 
and 6-mercaptopurine-S** were purchased from Isotopes Spe- 
cialties, Inc.; and 5’-AMP-8-C™ was purchased from Schwarz 
BioResearch, Inc. Nonlabeled purine bases and ribonucleosides 
were obtained from California Corporation for Biochemical 
Research; 8-azaguanine and 8-azaxanthine were obtained from 
Sigma Chemical Company; 8-azaadenine was purchased from 
Krishell Laboratories and 8-azahypoxanthine from Nutritional 
Biochemicals Company; 6«mercaptopurine was a gift from Well- 
come Research Laboratories; 2-fluoroadenine was synthesized at 
Southern Research Institute (15). The magnesium salt of PP- 
ribose-P was obtained from Pabst Laboratories, as were AMP, 
GMP, and IMP. Xanthylic acid was obtained by enzymatic 
reaction of xanthine with PP-ribose-P. 8-Azaguanylic acid was 
isolated from bacterial cells grown in the presence of azaguanine 
(5) and also prepared by enzymatic reaction of azaguanine with 
PP-ribose-P and found to be identical with a synthetic sample of 
8-azaguanosine 5’-phosphate prepared in this laboratory by Dr. 
J. A. Montgomery and Miss Jeanette Thomas (16). MP! 
ribonucleotide isolated from mouse neoplasms (11) or synthesized 
by enzymatic reaction of MP with PP-ribose-P was identical 
with a synthetic sample (16). 

Analogue-resistant Microorganisms—S. faecalis mutants re- 
sistant to various purine analogues were isolated by serial transfer 
in the presence of increasing concentrations of inhibitor as pre- 
viously described (4). The upper limits of resistance were fixed 
primarily by the solubility of the inhibitors in the culture me- 
dium and, as shown in Table I, concentrations of analogues 
required for approximately 50% inhibition of growth of resistant 
strains were 50 to 3000 times the concentrations required for 
comparable inhibition of the parent sensitive strain. Resist- 
ance to analogues of purine bases in S. faecalis resulted in cross- 
resistance to the corresponding ribonucleosides.? All of the 
resistant organisms retained capacity for de novo purine synthesis 
as evidenced by the fact that they all grew on purine-free me- 
dium when folic acid was added. 

Enzyme Preparations—Cultures of S. faecalis (500 ml) were 


1 The abbreviation used is: MP, 6-mercaptopurine. 

2 Similar cross-resistance between 2-fluoroadenine and 2-fluoro- 
adenosine has also been observed in Escherichia coli; Dr. R. F. 
Pittillo, personal communication. 
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TABLE I 
Resistance of S. faecalis mutants to inhibition by purine analogues 


Strain of S. faecalis Purine analogue —— 

SF/O! | 1 
SF/AZAG< 8-Azaguanine > 3000 
MP > 50 

SF/8-Aza‘ 8-Azaguanine > 3000 
8-Azaxanthine 100 

MP > 50 

SF/AZAX 8-Azaxanthine 100 
SF/AZAG/AZAX 8-Azaguanine > 3000 
8-Azaxanthine 100 

MP > 50 

SF/AzaAd 8-Azaadenine > 100 
8-Azaguanine 1000 

MP > 50 

SF/FAd4 2-Fluoroadenine 50 
8-Azaadenine 10 

SF/AzaHx? 8-Azahypoxanthine 100 
8-Azaguanine 100 

SF/MPe MP > 50 
8-Azaguanine 1000 

SF/MP..¢ | MP > 50 
| 8-Azaguanine 20 


Purine Ribonucleotide Pyrophosphorylases 


concentration of analogue for 50% growth 
inhibition of resistant organism 


concentration of analogue for 50% 
growth inhibition of SF/O 

which expresses the degree of resistance relative to analogue sensi- 
tivity asunity. The values given are approximate minimal values. 

>’ Growth of S. faecalis 8043 (SF/O), the parent analogue-sensi- 
tive organism, was inhibited by 0.1 ug per ml of 8-azaguanine and 
by approximately 10 wg per ml of 8-azaxanthine, 8-azaadenine, 
2-fluoroadenine, 8-azahypoxanthine, and MP. Organisms were 
grown in purine-free medium containing folic acid (4), and growth 
was measured as optical density at 660 my in a Bausch and Lomb 
Spectronic 20 colorimeter-spectrophotometer. 

¢ See Brockman et al. (5) for more detailed characterization of 
the mutants. 

4 Resistance to MP in strains SF/FAd and SF/AzaHx was not 
tested. 

¢ See Hutchison (4) for characterization of the mutants. With 
a refined testing procedure, it was observed that approximately 
0.1 wg per ml of MP gave 50% inhibition of strain SF/O and that 
the resistance index for strain SF/MP was approximately 50 times 
that for strain SF/MP,, 


* Resistance index = 


incubated overnight in chemically defined medium (4) in the 
absence of purine analogues. The standard procedure used in 
making the crude enzyme preparations used in this study has 
been described (14). The cells were separated by centrifugation, 
resuspended in 10 ml of cold 0.1 m Tris buffer (pH 7.6) and sub- 
jected to sonic vibration in a Raytheon 50-watt 9 ke. magneto- 
striction oscillator at 0° for 5 to 10 minutes. The sonicate was 


' 
then centrifuged at 25,000 x g for 1 hour at 4°; the clear super. 
natant served as the crude enzyme preparation. Such prepara- 
tions stored at —15° retained purine ribonucleotide pyrophos. © 
phorylase activity for as long as 2 months. 

Enzyme Reaction and Assay of Enzyme Activity—The assay 
system caused a reaction of the respective purine bases with PP.- 
ribose-P to form the ribonucleotides. The methods used have 
already been described (14) and were based on previous studies | 
on purines (17, 18) and on purine analogues (19, 20). The purine © 
compounds were usually present at a concentration of 0.0005 x, | 
and PP-ribose-P was present in excess, usually 0.001 mM. Any — 
variations from these concentrations are recorded with the | 
tabulated data. The amount of radioactive tracer added was 
determined by the requirements of the analytical methods; 
approximately 0.02 ue of substrate provided sufficient activity 
for accurate quantitative measurement of the products. The 
volume of the incubated material was determined by the extent 
of product analysis desired; 0.1-ml aliquots were sufficient for 
each type of chromatographic or electrophoretic analysis. Fresh 
solutions of 6-mercaptopurine-S* were used in order to minimize 
formation of artifacts from MP in alkaline medium. 

One-dimensional descending chromatography on Whatman 
No. 3MM paper with 70% isopropanol in an ammonia atmos- 
phere (21, 22) was used for separating bases from nucleotides; 
Table II shows the Re values of the bases and nucleotides in this 
chromatographic system under the conditions used in this labo- 
ratory. Because crude enzyme preparations were used, it was 
desirable to assay also the conversion to ribonucleosides and to 
other bases and ribonucleotides. Two-dimensional descending 
chromatography on Whatman No. 1 paper with phenol-water in | 
the first dimension and n-butanol-propionic acid-water in the 
second dimension was useful for these analyses. The solvent 
system has been described by Benson eé al. (23) and has been 
used in this laboratory in the analysis of the intermediary metab- 
olism of purines (5, 24). The Ry values recorded in Table Il 
show the separations of bases, nucleosides and _ nucleotides 
achieved with this method. Paper electrophoresis on Whatman 
No. 3MM paper with 0.05 mM ammonium formate buffer (pH 3.5), 
as described by Markham (21, 22), was used for separation and 
identification of the various ribonucleotides; Table II presents 
data on the electrophoretic behavior of purines, purine analogues, 
and their ribonucleosides and ribonucleotides. Radioactive 
compounds on paper chromatograms and paper electrophoresis 
strips were located by exposure of the papers to sheets of x-ray 
film (Eastman Kodak, single emulsion, blue-sensitive). Quanti- 
tative distribution of radioactivity was determined by cutting out 
the radioactive areas of chromatograms, eluting them with water, 
and evaporating the eluates on steel planchets for measurements 
of radioactivity in gas flow proportional counters. On the basis 
of quantitative estimations of radioactivity the percentage of 
conversion of free purine base to ribonucleotide could be cal- 
culated, as could the micromoles of ribonucleotide synthesized 
per milligram of protein in 1 hour of incubation time. Protein 
was determined by the Eagle-Oyama modification (25) of the 
procedure of Lowry et al. (26); blanks were run to correct for the 
color formed by the Tris buffer with the Lowry reagents. 

Rate Study—By means of these chromatographic-radioauto- 
graphic techniques it was also possible to carry out studies on the 
rate of conversion of purines and purine analogues to ribonucleo- 
tides. For such studies, enzyme preparations from strains SF/0, 
SF/MP, and SF/MP.. were dialyzed against deionized water at 
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4° for 24 hours. Larger volumes (4 to 5 ml) of incubation me- 
dium were used; samples were withdrawn at various time inter- 
vals and enzyme action was stopped by heat denaturation in a 
boiling water bath. The samples were then analyzed by chro- 
matography-radioautography as described above. From the 
linear portions of the reaction curves, rates of conversion of the 
various substrates were calculated. The conversion of base to 
nucleotide at zero time in the presence of SF/O enzyme was 
checked by heat denaturation of the reaction mixture in a boiling 
water bath for 5 minutes immediately after addition of enzyme; 
the reaction of base with PP-ribose-P during the time required 
for heat denaturation was negligible. 

In studies with crude enzymes, the chromatographic, elctro- 
phoretic, and radioautographic techniques have the advantage of 
allowing a number of assays to be made simultaneously and of 
allowing the various products of enzymatic reaction to be isolated 
and identified. This advantage is somewhat offset, however, 
by the time required for the analyses. 

Labeling of Nucleic Acid Purines of S. faecalis by Adenine-8-C"™4 
and Xanthine-8-C'*—Labeling of RNA adenylic and guanylic 
acids by adenine-8-C™ and xanthine-8-C' was determined by 
incubating 500-ml cultures overnight at 37° in synthetic growth 
medium containing folic acid to which was added adenine-8-C™ 
(15 wc /500 ml) or xanthine-8-C" (25 uc/500 ml). The bacterial 
cells were separated from culture medium by centrifugation; the 
nucleic acids were isolated by sodium chloride extraction as pre- 
viously described (5). Samples of ribonucleic acid were hy- 
drolyzed to ribonucleotides by overnight incubation with 1 N 
KOH at 25°. The pH was then adjusted to neutrality with 
HC1O,; most of the potassium perchlorate that formed crystal- 
lized after overnight refrigeration at 4°. The ribonucleotides in 
the supernatant were separated by high voltage paper electro- 
phoresis (20 volts per cm) in 0.05 mM ammonium formate buffer, 
pH 3.5. Radioactive nucleotides were detected by exposing the 
electrophoresis strips to x-ray film, and quantitative data on 


distribution of radioactivity between AMP and GMP was ob- | 


tained by eluting the compounds for counting. 


RESULTS 


Enzymatic Synthesis of Purine Ribonucleotides by Strains of S. 
faecaliss—A number of mutants of S. faecalis resistant to purine 
analogues were compared with the sensitive strain for capacity 
to catalyze the formation of various ribonucleotides from the 
respective purine bases. The results are summarized in Table 
III; bases tested were adenine, guanine, hypoxanthine, xanthine, 
azaguanine, azaxanthine, and MP. Enzyme preparations from 
the drug-sensitive S. faecalis 8043 (SF/O) catalyzed the forma- 
tion of nucleotides from all of these bases; with the exception of 
8-azaguanylic acid, yields were high under the experimental 
conditions used. In contrast, preparations from the mutant 
SF/AZAG, resistant to azaguanine and to MP but not to aza- 
xanthine, retained capacity to catalyze formation of AMP, xan- 
thylic acid, and 8-azaxanthylic acid, but appeared to have lost 
the capacity to catalyze the formation of GMP and IMP as well 
as the ribonucleotides of azaguanine and MP. This result cor- 
related with the previous observation that strain SF/AZAG had 
lost the capacity to utilize guanine and hypoxanthine for growth 
in a folic acid-free medium supplemented with thymine, these 

*In both sensitive and resistant strains, the enzyme prepara- 


tions used were also active in catalyzing the reaction of orotic acid 
with PP-ribose-P. 


R. W. Brockman, C. S. Debavadi, P. Stutts, and D. J. Hutchison 
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TABLE II 


Paper chromatography and electrophoresis of purines, purine 
analogues, ribonucleosides, and ribonucleotides 


Isopro- n-Butanol 
gration 
Rr Rr Rr 
0.33 0.78 0.41 —34 
.. 0.38 0.76 0.36 —10 
0.11 0.38 0.12 85 
Hypoxanthine 0.55 0.87 0.48 
0.47 0.71 0.31 
0.14 0.38 0.09 100 
Azaguanine................. 0.35 0.37 0.43 «afl 
Azaguanosine................ 0.39 0.68 0.37 —12 
GH)... 0.10 0.20 0.08 96 
6-Mercapto-9-8-p-ribofur- 
anosylpurine.............. 0.60 0.81 0.40 —6 
6-Mercapto-9-8-p-ribofur- 
anosylpurine 5’-phosphate.; 0.10 0.21 0.10 94 


¢ Sources of reference compounds are given in ‘‘Experimental 
Procedure.”’ 

’ Values are for descending one-dimensional chromatography 
on Whatman No. 3MM paper with 70% isopropanol in an ammonia 
atmosphere (21, 22). 

¢ Values are for descending two-dimensional chromatography 
on Whatman No. 1 paper with phenol-water in the first dimension 
and n-butanol-propionic acid-water in the second dimension (see 
‘‘Experimental Procedure”’ and (24)). 

4 Mobilities are for paper electrophoresis on 22.5-inch strips 
of Whatman No. 3MM paper in 0.05 M ammonium formate buffer, 
pH 3.5, at an applied potential of 1000 volts for one hour (21, 22). 
Migration from the origin is expressed relative to IMP migration 
as 100; a negative sign indicates migration from the origin toward 


the cathode. 


being the conditions under which exogenous purines are required 
for growth (5). The observed loss of GMP and IMP pyrophos- 
phorylase activity also correlated with the observation that 
rapidly growing cultures of strain SF/AZAG had lost the capac- 
ity to metabolize 8-C'-labeled guanine and hypoxanthine to 
nucleotide derivatives or to nucleic acids (5). Strain SF/AZAG 
retained the capacity to metabolize xanthine-8-C" to nucleotides 
and to utilize this base as sole purine source for growth in a folic 
acid-free medium. 

This pattern resembles that found in previous studies with 
another mutant, strain SF/MP, which was also resistant to MP 
and azaguanine; enzyme preparations from this strain likewise 
exhibited loss of capacity to form GMP, IMP, 8-azaguanylic 
acid, and MP ribonucleotide from the corresponding bases 
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TaBLe III 


Conversion of purines and purine analogues to ribonucleotides by 
enzyme preparations from analogue-sensitive and -resistant 
S. faecalis 


Ribonucleotide formed” 


Tis ia 

Enzyme source® | | > 
'AMP|GMP/IMP| 3% | | 8 | $3 

pmoles/mg protein/hr 

2.44 3.77) 4.23'4.01 | 0.20 1.58 1.69 
3.36 0.11 0.0 3.76 | 0.0 | 2.24 0.0 
1.50 0.0) 0.0 0.005) 0.0 | 0.0. 0.0 
SF/AZAG/AZAX.......| 0.47. 0.0. 0.0 0.0 0.0 0.0 0.0 
1.04 0.50 0.501.78 | 0.04 0.21 
0.08 0.12) 0.042.73 | 0.01 0.0 
5.26 4.79 0.28 5.45 


« §. faecalis ATCC 8043, the parent analogue-sensitive strain, 
is abbreviated SF/O. See Table I for characterization of resistant 
mutants and definition of abbreviations for the resistant strains. 

> The incubation mixture contained the C-labeled or S*- 
labeled base (0.0005 M; approximately 0.2 we per ml of incubation 
medium); the magnesium salt of 5-phosphoribosyl-1-pyrophos- 
phate (0.001 m); 50 to 150 ug of enzyme protein per ml of incuba- 
tion medium, and sufficient Tris to give a final concentration of 
0.1 mM (pH 7.6). The reaction mixture was incubated at 37° for 1 
hour and deproteinized with heat. Quantitative chromato- 
graphic-radioautographic analysis on a 0.1 ml aliquot was per- 
formed as described in ‘‘Experimental Procedure’’ by isopro- 
panol-ammonia chromatography (see Table II). 


whereas capacity to form AMP, xanthylic acid, and ‘8-azaxan- 
thylic acid was retained (14). It was observed that strain SF/ 
MP was also unable to utilize guanine and hypoxanthine for 
growth but could utilize xanthine; growth of this mutant was also 
found to be inhibited by azaxanthine (3). Studies on the metab- 
olism of 8-C'-labeled natural purines by SF/MP (8) yielded 
results identical with those obtained in similar studies with SF/ 
AZAG (5, 9), namely that adenine and xanthine were metabolized 
to nucleotides, whereas hypoxanthine and guanine were not 
metabolized by these resistant organisms. 

It can also be seen from Table III that an 8-azahypoxanthine- 
resistant mutant (SF/AzaHx) retained some capacity to catalyze 
formation of all of the various ribonucleotides tested, but showed 
decreased activity in this respect, especially in catalyzing forma- 
tion of GMP, IMP, 8-azaguanylic acid, and MP ribonucleotide. 
The change in enzymatic activity thus resembles but differs 
quantitatively from that in strains SF/AZAG and SF/MP. 

Table III also shows that, in contrast to the azaguanine and 
MP-resistant mutants, an 8-azaxanthine-resistant mutant (SF/ 
AZAX), which showed no cross-resistance to the other analogues, 
was found to have lost only the capacity to convert xanthine and 
azaxanthine to ribonucleotides; the other purine ribonucleotide 
pyrophosphorylases were active in preparations from this mu- 
tant. In line with this result, enzyme preparations from another 
mutant, SF/8-Aza, resistant to azaguanine and to MP but also 
to azaxanthine, were observed to have lost essentially all capacity 
to catalyze formation not only of GMP, IMP, 8-azaguanylic 
acid, and MP ribonucleotide but also of xanthylic acid and 8- 
azaxanthylic acid. The same pattern was observed in strain 
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SF/AZAG/AZAX, a substrain of SF/AZAG cross-resistant to | 


azaxanthine. 


Finally, the mutant SF/AzaAd, resistant to azaadenine, aza- | 


guanine, and MP but not to azaxanthine, showed decreased 
capacity to form AMP as well as GMP, IMP, 8-azaguanylic 
acid, and MP ribotide; it retained high capacity to form xan- 
thylic acid. Strain SF/AzaAd was also cross-resistant to growth 


inhibition by 2-fluoroadenine ; a 2-fluoroadenine-resistant mutant, — 


SF/FAd, which was partially cross-resistant to azaadenine, also 


showed a decrease but not a complete loss of capacity to form | 
AMP. Enzymes from strain SF/FAd retained high activity in 


catalyzing reactions of other purines with PP-ribose-P. 

Thus, from Table III it can be seen that in all cases resistance 
to azaguanine and MP was associated with loss of ability to form 
ribonucleotides from guanine, azaguanine, hypoxanthine, and 
MP, whereas resistance to azaxanthine always corresponded with 
inability to form xanthylic and azaxanthylic acids, and resistance 
to azaadenine and fluoroadenine was associated with decreased 
AMP pyrophosphorylase activity. These results indicate that 
resistance to the purine analogues in these mutants can be cor- 
related with loss of the capacity to convert the pertinent purine 
analogue to its ribonucleotide, and that loss of the pyrophos- 
phorylase activity for the fraudulent purine ribonucleotide 
parallels loss of ability to anabolize the corresponding normal 
purine base, strongly suggesting specificity of the purine ribonu- 
cleotide pyrophosphorylases along these lines. 

The possibility was considered that the analogue-sensitive 
cells might be producing unknown co-factors for ribonucleotide 
pyrophosphorylase activity that were not formed in the resistant 
mutants or, conversely, that analogue-resistant mutants might 
be forming unknown inhibitors of enzyme activity. The results 
of experiments designed to test this possibility are recorded in 
Table IV. Crude, undialyzed preparations from strains SF/ 


TABLE IV 


Inosinic acid pyrophosphorylase activity tn mixtures of enzyme 
preparations from analogue-sensitive and -resistant 


S. faecalis 
E ation* Conversion of hypox- 

anthine to inosinic acid’ 
SF/AZAG + heated SF/O................... 0 
SF/MP + heated SF/O..................... 0 

«See Table I for characterization of mutants. Enzyme prep- 


arations from strains SF/AZAG and SF/MP were active in cata- 
lyzing formation of AMP and xanthylic acid from the correspond- 
ing bases (see Tables III and VI). 

Incubation mixture consisted of hypoxanthine-8-C"™ (0.00025 
M; 0.25 ue per ml of incubation mixture); magnesium salt of 5- 
phosphoribosyl-1-pyrophosphate (0.001 M), approximately 100 ug 
of enzyme protein per ml of incubation mixture, and Tris buffer, 
final concentration 0.1 M, pH 7.6. Incubation time was 1 hour at 
37°. Chromatographic-radioautographic analysis on a 0.1 ml 
aliquot was performed with isopropanol-ammonia chromatog- 
raphy (see ‘‘Experimental Procedure’’). 
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AZAG and SF/MP, themselves inactive in catalyzing the forma- 


IMP from hypoxanthine was observed. Similarly, when a heat- 
denatured undialyzed enzyme preparation from strain SF/O 
was added to incubation mixtures containing enzymes from 
strains SF/AZAG or SF/MP, no IMP pyrophosphorylase activ- 
ity was detected, suggesting that no free, heat-stable co-factor 
for pyrophosphorylase activity, lacking in the mutants, was 
present in strain SF/O. 

Decreased Conversion of Adenylic Acid to Guanylic Acid in 
Certain S. faecalis Mutants—Although mutants resistant to aza- 
guanine and MP (strains SF/AZAG and SF/MP) were unable 
to utilize adenine as a sole source of purines for growth in folic 
acid-free medium supplemented with thymine (4, 5) enzyme 
preparations from these mutants did have the capacity to form 
adenylic acid from adenine (Table III, see also Table VI). The 
question arises as to the reason for the inability of these mutants 
to grow on adenine. Balis et al. (7) observed that strain SF/MP 
possessed only a limited capacity to convert exogenous adenine 
to nucleic acid guanine compared to this capacity in strain SF /O. 
Xanthine-8-C™, on the other hand, labeled both nucleic acid 
guanine and adenine of strain SF/MP and this strain could grow 
on xanthine as its sole purine source. It appeared that SF/MP 
was unable to utilize adenine for growth as a consequence of de- 
creased capacity to convert AMP to GMP rather than as a result 
of failure to form adenylic acid from adenine. From the results 
summarized in Table V, it can be seen that in strains SF/O, 
SF/AZAG, and SF/MP, xanthine-8-C™ labeled both adenylic 
and guanylic acids of RNA; RNA guanylic acid had 2 to 3 times 
as much activity as did RNA adenylic acid. Adenine-8-C™ 
labeled the adenylic and guanylic acids of RNA from strain SF /O 
almost equally well, whereas no radioactive guanylic acid could 
be detected in the RNA from strain SF/AZAG. The similar 
study with strain SF/MP showed that adenine-8-C" was a much 
better source of RNA adenylic acid than of RNA guanylic acid, 
a result in agreement with the findings of Balis et al. (7). 

Some attempt was made to define the mechanism for this de- 
creased conversion of AMP to GMP. Inasmuch as synthesis 
de novo proceeds readily in all of these strains, as evidenced by 
their ability to grow on purine-free media, a block in the conver- 
sion of IMP to either AMP or GMP would seem unlikely. A 
remaining possibility would be a deficiency in the deamination 
of AMP to IMP; to explore this, adenine-8-C'™ was incubated 
with PP-ribose-P in the presence of enzymes from these S. 
faecalis strains, and the reaction mixtures were analyzed by 
two-dimensional chromatography. It was found that AMP 
was formed in good yield by strains SF/O, SF/AZAG, and SF/ 
MP, whereas IMP was present only in SF/O incubation media. 
However, when 5’-AMP-8-C" was incubated with these prepara- 
tions, there was little or no detectable deamination to IMP, even 
in SF/O preparations. The results are therefore inconclusive. 
There was some deamination of adenine to hypoxanthine in ex- 
periments with adenine-8-C™ in the absence of PP-ribose-P and 
the pathway by which adenine was converted to IMP in strain 
SF/O may have been via hypoxanthine, with the further conver- 
sion of this base to IMP being absent in strains SF/AZAG 
and SF/MP. 

Effect of pH on Enzymatic Formation of Guanylic and Aza- 
guanylic Acid—It has been mentioned that conversion of aza- 
guanine to 8-azaguanylic acid by strain SF/O enzymes was poor 
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under the usual conditions of assay (see Table III). This con- © 
version could be increased by the use of higher enzyme concen- 
trations or by altering the pH of the incubation mixture to 6.5. 
Reactions of adenine, hypoxanthine, xanthine, and MP with 
PP-ribose-P were found to have broad pH optima in the range 
of 7.5 to 8.5. The data presented in Fig. 1 show that the opti- 


TABLE V 


Incorporation of exogenous adenine-8-C' and xanthine-8-C™ into 
RNA purines of S. faecalis strains 


Cultures (500 ml) were incubated in the presence of the radio- 
active substrates (15 we of adenine-8-C™ or 25 we of xanthine-8- 
C™) as described in ‘‘Experimental Procedure.’’ Nucleic acid 
samples from each strain (2 mg) were hydrolyzed in 1 ml of 1 N 
KOH overnight at 25°. After neutralization with HClO, in the 
cold, 0.1 ml samples of the ribonucleotide mixture were separated 
by paper electrophoresis in 0.05 M ammonium formate buffer, pH 
3.5. Radioactive AMP and GMP were detected by radioautog- 
raphy, eluted with water, and quantitative determinations of 
radioactivity made on the eluates. 


Distribution of radioactiv- 
ity in purine nucleotides 
of RNA 
Strain Substrate 
Ratio of AMP 
AMP GMP ato GM 
counts /sec 
SF/O Adenine 150 115 1:0.7 
Xanthine 174 400 1:2.2 
SF/AZAG Adenine 200 <1 >200: 1 
Xanthine 122 400 t+ 
SF/MP Adenine 295 39 7.521 
Xanthine 322 961 1:2.9 
907 
sor 
= 
«4o} 
3 20r 
6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 
pH 


Fic. 1. Effect of pH on the conversion of guanine to guanylic 
acid and 8-azaguanine to 8-azaguanylic acid. The incubation 
mixture contained 0.0005 m base, 0.001 m PP-ribose-P (Mg salt) 
0.1 mM buffer, and enzyme protein (approximately 100 wg per ml of 
incubation mixture) from strain SF/O. Sodium phosphate buffer 
was used between pH 6.0 and 7.5 and Tris buffer between 7.5 and 
9.5. Incubation conditions and method of analysis of samples 
were the same as those for Table III. O——D, guanine in phos- 
phate buffer; @——, guanine in Tris buffer; O——O, 8-aza- 
guanine in phosphate buffer; @——-@, 8-azaguanine in Tris buffer. 
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SF/MP 


SF/O SF/MP 


pMoles Ribonucleotide 


05 105 20 0 51065 20 O 5 10 15 20 


Time (minutes) 


Fic. 2. Rate of reaction of purines and purine analogues with 
PP-ribose-P to yield the corresponding ribonucleotides in the 
presence of enzymes from sensitive and MP-resistant S. faecalis. 
The reaction medium and the method of analysis are defined in 
Footnote 1, Table VI. X——xX, adenine; O——O, guanine; 
O——QO, hypoxanthine; A——A, xanthine; @——@, MP; 
8-azaguanine. 


TaBLe VI 


Rates of ribonucleotide pyrophosphorylase reactions in enzyme 
preparations from sensitive and MP-resistant S. faecalis 


Ribonucleotide formed*® 


Substrate 


SF/O. | SF/MPec | 


i 


SF/MP 


pmoles/mg protein/min 


Hypoxanthine-8-C™............... 0.98 0.04 0.00 
8-Azaguanine-2-C™................ 0.03 <0.01¢ 0.00 


@ Based on the linear rate during the first 10 minutes of reaction. 
Purines (0.0005 mM; 0.2 we per ml of incubation mixture) were in- 
cubated at 37° with the magnesium salt of PP-ribose-P (0.001 m) 
and enzyme (approximately 100 wg of enzyme protein per milli- 
liter of incubation mixture) in 0.1 m Tris buffer, pH 7.6. Final 
volume was 4.0 ml; aliquots were taken at 5-minute intervals dur- 
ing the first 20 minutes of reaction and at longer intervals up to 
60 minutes. The figures are based on quantitative chromato- 
graphic-radioautographic analysis on 0.1 ml of each aliquot with 
isopropanol-ammonia chromatography. The conversion of base 
to nucleotide at zero time (heat denaturation immediately after 
addition of enzyme) was negligible and no blank value subtrac- 
tion was necessary. 

6 This small amount of guanylic acid, formed during the first 
5 minutes of incubation, did not increase even after 60 minutes of 
incubation. 

¢ 8-Azaguanylic-2-C™ acid (0.03 wmole) could be detected after 
30 minutes of incubation. Earlier aliquots showed negligible 
quantities of this nucleotide. 


mal pH for conversion of azaguanine to 8-azaguanylic acid was 
approximately 6.5 in phosphate buffer. Optimal pH for forma- 
tion of GMP was considerably higher. In view of these results, 
enzyme preparations from azaguanine-resistant S. faecalis mu- 
tants were tested for capacity to catalyze 8-azaguanylic acid 
formation at several pH values between 6.0 and 7.5 and at 
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different concentrations of enzyme. 
pH increased the conversion with enzyme preparations from 
strain SF/O, there was no detectable conversion at any of the 
pH values with preparations from the resistant organisms. 
at pH 7.6, a 5-fold increase in the concentration of enzyme in- 
creased the conversion of azaguanine to azaguanylic acid from 
8 to 47% with preparations from strain SF/O and from 4 to 
14% with preparations from strain SF/AZAX. However, a 
similar increase in enzyme concentration did not result in forma- 
tion of detectable amounts of 8-azaguanylic acid or MP ribonv- 
cleotide by preparations from azaguanine- and MP-resistant 
mutants. 


Kinetic Study of Formation of Nucleotides of Purines and | 


Purine Analogues by Enzymes from Sensitive and 6-Mercapto- 
purine-resistant S. faecalis—Rates of reaction of natural purines, 
MP, and azaguanine with PP-ribose-P to yield the corresponding 
ribonucleotides were compared with identically prepared enzymes 
from strains SF/O, SF/MP, and SF/MP..; the substrates and 
conditions of incubation were identical for the three enzyme 
preparations. Strain SF/MP.. is an MP-resistant mutant 
characterized by Hutchison (4) and found to be quite different 
from strain SF/MP in being able to utilize any one of the natural 
purines for growth in folic acid-free medium supplemented with 
thymine. Enzyme preparations from strain SF/MP.. retained 
capacity to catalyze formation of AMP, GMP, IMP, and xan- 
thylic acid from the corresponding bases (14). The enzyme 
preparations used here were cell sonicates prepared in Tris buffer 
and dialyzed against deionized water at 4° for 24 hours. Incu- 
bation conditions were similar to those described above, except 
that aliquot portions were taken at 5-minute intervals during the 
first 20 minutes of reaction as well as after 30 and 60 minutes. 
Under the conditions used, the reaction rates began to level off 
within 20 minutes, as substrate was consumed; in the case of 
xanthine-8-C", essentially complete conversion to nucleotide oc- 
curred within this time period. The curves are shown in Fig. 2; 
reaction rates for each conversion were calculated from the linear 
rates during the first 10 minutes of the reaction and are indicated 
in Table VI. It can be seen that enzymes from strain SF/0 
had high activity in catalyzing reaction of PP-ribose-P with 
guanine, hypoxanthine, xanthine, and MP to yield the corre- 
sponding ribonucleotides. Activity of AMP pyrophosphorylase‘ 
was less than that observed in undialyzed preparations (see 
Table III). Pyrophosphorylase activity for azaguanine was 
lower than that for guanine, as noted above. Instrain SF/MP.., 
xanthylic acid pyrophosphorylase activity was high, although 
less than that in strain SF/O, whereas pyrophosphorylase activ- 
ities for guanine, hypoxanthine, MP, and azaguanine were all 
greatly decreased compared to strain SF/O. AMP _ pyrophos- 
phorylase activity was observed to be about the same for SF/0, 
SF/MP, and SF/MP.. enzyme preparations. Enzymes from 
strain SF/MP showed essentially complete loss of GMP, IMP, 
8-azaguanylic acid and MP ribonucleotide pyrophosphorylase 
activities, while retaining AMP and high xanthylic acid pyro- 
phosphorylase activities. Small amounts of GMP (0.006 umole 
from 0.1 umole base) were detected after 5 minutes of incubation, 
but no more was formed even after an additional 55-minute 
incubation period (see Fig. 2). 

¢ The AMP pyrophosphorylase may be somewhat less stable, in- 


asmuch as its activity was observed to decrease on dialysis and on 
storage relative to other pyrophosphorylases. 
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DISCUSSION 


The results of this study show that a correlation exists between 
the purine ribonucleotide pyrophosphorylase capacity of strains of 
S. faecalis and resistance to growth inhibition by purine ana- 
logues. Two mutants resistant to both azaguanine and MP 
(SF/AZAG and SF/MP), when compared with the parent strain 
(SF/O), appeared to have lost both GMP and IMP pyrophos- 
phorylase activities while retaining AMP and xanthylic acid 
pyrophosphorylases. An azaxanthine-resistant mutant (SF/ 
AZAX) showed specific loss of xanthylic acid pyrophosphorylase; 
two mutants resistant to azaguanine, MP, and azaxanthine (SF / 
§-Aza and SF/AZAG/AZAX) exhibited loss of the activities for 
GMP, IMP, and xanthylic acid. Azaadenine-resistant mutants 
(SF/AzaAd) cross-resistant to 2-fluoroadenine, azaguanine, and 
MP, but not to azaxanthine, showed decreases in pyrophos- 
phorylase activities for AMP, GMP, and IMP, but not in that for 
xanthylic acid. A mutant selected for growth in the presence of 
2-fluoroadenine exhibited a decrease in AMP pyrophosphorylase 
activity while retaining high activity in all the others. 

From these observations the conclusion can be reached that 
at least three distinct purine ribonucleotide pyrophosphorylases 
are present in S. faecalis, namely, AMP, xanthylic acid, and 
GMP-IMP pyrophosphorylases. Whether or not GMP and 
IMP pyrophosphorylases are separate cannot be determined 
from these data, inasmuch as in five different mutants (SF/ 
AZAG, SF/MP, SF/8-Aza, SF/AZAG/AZAX, and SF/AzaAd) 
resistance to either azaguanine or MP was accompanied by cross- 
resistance to the other analogue and by simultaneous loss of 
capacity to form both GMP and IMP. In another mutant 
(SF/AzaHx) which showed a quantitative decrease but not a 
complete loss of these activities, the decrease was of the same 
order of magnitude for both activities and different, quantita- 
tively, from the decrease in AMP or xanthylic acid pyrophos- 
phorylase activities. These results suggest that guanine and 
hypoxanthine are acted on in this organism by the same enzyme, 
or by closely related enzymes. However, in some experiments 
with these resistant mutants the loss of IMP biosynthesis was 
greater or more complete than that of GMP (SF/AZAG and 
SF/AzaAd, Table III; SF/MP and SF/MP.., Table VI; see also 
(14)). This could be due to greater conversion of guanine to the 
nucleotide by some other unaffected pathway, but it could also 
be explained by differential loss of two distinct enzyme activities. 
GMP and IMP pyrophosphorylase activities, with specificities 
similar to those seen here, have been separated in one resistant 
mutant of Salmonella typhimurium (27). The common occur- 
rence of simultaneous loss of both activities would then remain 
unexplained; the suggestion has been made that inosinic and 
guanylic acid pyrophosphorylases may be closely linked geneti- 
cally (28). 

Loss of a given purine ribonucleotide pyrophosphorylase activ- 
ity is seen to be accompanied by loss of capacity to form the 
ribonucleotide of the corresponding purine analogue (Table III), 
a result which strongly suggests that the same enzyme catalyzes 
reaction of the natural purine and of its analogue with 5-phos- 
phoribosyl-1-pyrophosphate. In exception to this, a beef liver 
pyrophosphorylase (20) and one from E. coli (29) have been 
reported to be active for guanine but not for azaguanine. In 
view of the differences in pH optima observed here for reaction of 
these two substrates, it would appear possible that conditions 
adequate for demonstrating the reaction of one base would not 
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necessarily detect the other. A difference in pH optima, and in 
extents of reaction of these two compounds under a single set of 
conditions, has also been observed with a pyrophosphorylase 
preparation from hog liver (19). Of course, the possibility also 
exists that there may actually be two enzymes involved in the S. 
faecalis preparations as well as in the other systems. 

A hypothesis for the origin of these resistant bacterial strains 
would thus be the selection, in the presence of the analogue, of 
spontaneous mutants which have decreased activity:-of a specific 
ribonucleotide pyrophosphorylase. An interesting corollary 
hypothesis is that the ribonucleotides of purine analogues are 
active forms of the inhibitors. Balis et al. (30) speculated that 
MP ribonucleotide might be an active form of this inhibitor. 
Davidson (31) observed that MP inhibited the synthesis of 
adenylic acid in intact L1210 mouse leukemia cells in vitro; 
Hakala and Nichol (32) also concluded that MP, probably as the 
nucleotide, inhibited conversion of IMP to AMP in mammalian 
cells in culture. Salser et al. (33) observed that MP ribonucleo- 
tide could inhibit the conversion of IMP to adenylosuccinic acid 
by enzyme preparations from S. faecalis. Azaguanine has been 
observed to inhibit the synthesis of inducible enzymes; Creaser 
(34) observed inhibition of B-galactosidase and Chantrenne and 
Devreux (35) observed inhibition of penicillinase. Kvam and 
Parks (36) recently observed an inhibitory effect of azaguanine 
on induced enzyme formation in rat liver. Mandel, Altman, 
and Roodyn (37-39) found that azaguanine specifically inhibited 
incorporation of methionine and cystine into cytoplasmic protein 
of bacterial cells. Azaguanine may be exerting an inhibitory 
effect on protein synthesis as a fraudulent ribonucleotide or as a 
consequence of incorporation into soluble RNA. 

Decreased pyrophosphorylase activity accompanying resist- 
ance to purine analogues has recently been extended to S. typhi- 
murium by Kalle et al. (27) with the additional observation that 
resistance to 2,6-diaminopurine could be accompanied by de- 
creased AMP pyrophosphorylase activity. Strains of Diplococ- 
cus pneumoniae resistant to azaguanine have been isolated by 
Sirotnak et al. (40); the parent strain was transformed to resist- 
ance by means of DNA from the azaguanine-resistant organism. 
Resistance to azaguanine in D. pneumoniae was accompanied by 
specific loss of GMP and IMP pyrophosphorylase activity; AMP 
and xanthylic acid pyrophosphorylase activities were retained.® 

The same mechanism of resistance exists in mammalian cells 
since decreased pyrophosphorylase activities along the same 
pattern have also been observed in this laboratory with enzyme 
preparations from purine analogue-resistant lines of mouse 
neoplasms (10, 11). In addition, resistance to 6-thioguanine in 
L1210 mouse leukemia was accompanied by decreased GMP- 
IMP pyrophosphorylase activity and by decreased enzyme 
capacity for formation of 6-thioguanylic acid (41). Lieberman 
and Ove (42) have extended such studies to mammalian cells 
grown in tissue culture. Here, too, resistance to azaguanine was 
accompanied by cross-resistance to MP and by decreased IMP 
pyrophosphorylase; resistance to 2, 6-diaminopurine resulted in a 
specific decrease in AMP pyrophosphorylase, as also observed in 
Salmonella. Roosa® has isolated azaguanine-resistant lines of 
P388 mouse lymphocytic leukemia in cell culture; again cross- 
resistance to MP was observed. Resistance to azaguanine and 


5 R. W. Brockman, F. M. Sirotnak, and D. J. Hutchison, un- 
published observations. 
6 R. A. Roosa, unpublished observations. 
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MP in P388 was accompanied by complete loss of IMP and GMP 
pyrophosphorylase activity with resultant loss of enzyme capac- 
itv for synthesis of 8-azaguanylic acid and 6-mercaptopurine 
ribonucleotide.?. Tomizawa and Aronow (43) observed that 
resistance to MP in mouse fibroblasts in culture was accompanied 
by impaired capacity of these cells to form MP nucleotide and to 
utilize hypoxanthine or inosine for growth. In a study of resist- 
ance to A ote analogues in D98 human bone marrow cells in 
culture Szvbalski observed that single-step mutants resistant to 
8-azaguanine retained sensitivity to 8-azaguanosine (44); how- 
ever, cells selected for resistance to S-azaguanosine were cross- 
resistant to 8-azaguanine (45). Results of studies on the metab- 
olism of C-labeled guanine and azaguanine in these cells suggest 
that the capacity of the resistant cells to metabolize these bases 
to nucleotide derivatives was decreased relative to the sensitive 
line.§ 

From results of this and other studies it appears, therefore, 
that resistance to purine analogues is frequently accompanied by 
quite specific decreases in purine ribonucleotide pyrophosphory]- 
ase activities. However, other mechanisms of resistance to these 
analogues can certainly exist, as evident from the results obtained 
here with enzyme preparations from the MP-resistant mutant 
designated SF/MP... Enzymes from this mutant retained 
significant IMP and GMP _ pyrophosphorylase activities but 
catalyzed formation of these nucleotides and especially of aza- 
euanylic acid and MP ribonucleotide at a reduced rate compared 
with the parent SF/O strain. A related situation may exist 
with the mutant SF/AzaHx, which also showed decreased GMP 
and IMP pyrophosphorylase reactions, but not a complete loss 
of these activities. Inasmuch as these two mutants appear to be 
somewhat less resistant to the analogues (see Table [) it is possi- 
ble that the loss of pyrophosphorylase capacity occurs in a step- 
wise fashion, paralleling the development of resistance. The 
mechanism by which such quantitative differences in metabolism 
would then be mediated remains to be explored. 

In other systems, still other mechanisms of resistance to purine 
analogues have been postulated. Sartorelli et al. (46) and Le- 
Page (47) observed decreased formation of 6-thioguanylic acid 
and decreased incorporation of 6-thioguanine into nucleic acids 
of resistant neoplasms; in this case increased degradation of 
thioguanine and consequent decreased incorporation into nucleic 
acids was considered to be a likely mechanism of resistance in 
Ehrlich ascites tumor cells. Paterson (48) reported what ap- 
pears to be an intact cell effect in resistance, inasmuch as MP- 
resistant Ehrlich ascites cells failed to form MP ribonucleotide, 
whereas enzyme preparations from these same cells possessed 
pyrophosphorylases active in carrying out this reaction. It is 
evident that multiple mechanisms of resistance to purine ana- 
logues are possible, as would be expected if resistance to these 
agents arises by random mutations followed by selection in the 
presence of the inhibitors. 

If the hypothesis is correct that nucleotide derivatives of 
purine analogues are inhibitory, then the observation that resist- 
ance to analogues of purine bases in S. faecalis is accompanied by 
resistance to the corresponding analogue ribonucleosides suggests 
that kinase activity for the nucleoside analogues is negligible in 


7 R. W. Brockman, R. A. Roosa, P. Stutts, and L. W. Law, un- 


published observations. 
8W. Szybalski, E. Szybalska, and R. W. Brockman, unpub- 


lished observations. 
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these mutants. It has not yet been demonstrated that fraudy. 
lent ribonucleotides can inhibit organisms resistant to the cor. 
responding bases or ribonucleosides, presumably because the 
nucleotide does not gain entry as such into the cell. 


SUMMARY 


Resistance to purine analogues in Streptococcus faecalis was 
accompanied by decrease or loss of specific purine ribonucleotide 
pyrophosphorylase activities. Resistance to 8-azaguanine or to 
6-mercaptopurine was associated with simultaneous loss of 
guanylic and inosinic acid pyrophosphorylase activities, cor. 
responding to the ability to convert both of these analogues, as 
well as guanine and hypoxanthine, to ribonucleotides. Adenylic 
and xanthylic acid pyrophosphorylases were retained by these 
mutants. Resistance to 8-azaxanthine was correlated with 
specific loss of xanthylic acid pyrophosphorylase and capacity to 
form 8-azaxanthylic acid. Resistance to 8-azaadenine was 
accompanied by loss of adenylic acid pyrophosphorylase activity 
and resistance to 2-fluoroadenine by a selective decrease in activ- 
ity of this enzyme. These results strongly suggest that the 
analogues are metabolized to ribonucleotides by the same en- 
zymes which catalyze formation of the corresponding natural 
purine ribonucleotides. The observations support the hypothe- 
sis that ribonucleotides of purine analogues are active forms of 
this class of inhibitors and that resistance to purine analogues 
can be attained by specific decreases in the pertinent purine 
ribonucleotide pyrophosphorylase activities. 
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Addendum—These studies have recently been extended to 
6-mercaptopurine-resistant sublines of a human neoplasm in cell 
culture. Kelley et al. (49) isolated MP-resistant clones of a hu- 
man epidermoid carcinoma (H.Ep-2). An analysis of the purine 
ribonucleotide pyrophosphorylases of these cells revealed that 
resistance to MP was accompanied by marked decrease in IMP 
and GMP pyrophosphorylase activity and by simultaneous de- 
crease in the capacity to form ribonucleotides of MP, 8-azagua- 
nine and 6-thioguanine AMP pyrophosphorylase activity and 
the capacity to form ribonucleotides of 2 ,6-diaminopurine, 4-ami- 
nopyrazolo(3,4-d)pyrimidine and 4-aminoimidazole-5-carbox- 
amide was not significantly altered from that of the parent MP- 
sensitive H.Ep-2 cells. The enzyme alterations accompanying 
resistance to MP were observed to be stable heritable character- 
istics of the cells.° 


*R. W. Brockman, G. G. Kelley, P. Stutts, and V. Copeland, 
manuscript in preparation. 
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The deoxyribonucleic acid of bacteriophages T2, T4, and T6, 
in contrast to the deoxyribonucleic acid of their host, has hy- 
droxymethyleytosine in place of cytosine (1), with a fixed frac- 
tion of these bases linked to one or more glucose residues (2). 
Infection of Escherichia coli by these bacteriophages leads to the 
development of new enzymes which are responsible for the 
synthesis of the deoxyribonucleic acid peculiar to these viruses. 
Among these enzymes are one which converts deoxycytidine 
5’-monophosphate to 5-hydroxymethyl deoxycytidine 5’-mono- 
phosphate (3), another which phosphorylates this monophos- 
phate (4, 5), a group of enzymes which add glucose to the hy- 

droxymethyleytosine residues after their incorporation into a 
deoxyribonucleic acid polymer (4, 6), and further, an enzyme 
which degrades deoxycytidine triphosphate, making it unavail- 
able for deoxyribonucleic acid synthesis (4, 7, 8). A detailed 
study of the latter enzyme was the purpose of the present work. 

Reports of the preliminary investigations (4, 8) did not provide 
adequate descriptions of the purification and properties of the 
deoxycytidine triphosphate-splitting activity. A recent study 
by Koerner et al. (7) supplies some of these data. The present 
report is a more detailed account of the specificity, kinetics, and 
stoichiometry of the cleavage reaction. It also provides several 
lines of evidence that a single enzyme specific for the deoxy- 
cytidyl residue catalyzes the cleavage of both deoxycytidine di- 
and triphosphate according to the equations: 


dCDP + H:O — dCMP + P; 
dCTP + H:O — dCMP + PP; 


(1) 
(2) 


EXPERIMENTAL PROCEDURE 


Materials 

Nucleotides—The preparation and analyses of dCTP, dATP, 
dGTP, dTTP, 5-hydroxymethyl dCTP, 5-bromo dCTP, and 
5-bromo dUTP have been described elsewhere (4, 9, 10). CTP, 
ATP, GTP, UTP, and dCDP were commercial preparations 
(Sigma Chemical Company). The dCDP was purified by ion 
exchange chromatography and concentrated with Norit as 
described below. The purified material contained per mole of 
base (a, = 13.0 X 10° at 280 my, pH 2) (11): 0.02 mole of P,, 
0.84 mole of P hydrolyzed to P; after 15 minutes at 100° in 
1 n H.SOx,, and 2.0 moles of total P. dCMP was purchased from 
the California Corporation for Biochemical Research. 

P#P; was synthesized from P;* as previously described (12). 


* This work was aided by grants from the United States Public 
Health Service and the National Science Foundation. 
t National Science Foundation Predoctoral Fellow. 


APP#P2 was formed by the exchange of ATP with P#p 
catalyzed by any one of several amino acid-activating enzymes! 
(13). 

dCPP#P* was enzymatically synthesized by two methods, the 
second of which also yielded dCPP®. The first method employed 
an excess of acetyl-P® and catalytic amounts of ADP to phos- 
phorylate dCMP (9). dCPP#P® was isolated by ion exchange 
chromatography and concentrated with Norit as described 
below. In the second method, an excess of dCMP was phos- 
phorylated by APP#P* as follows. The incubation mixture 
(2.0 ml) contained 1.7 umoles of APP#P® (2 x 108 c.p.m.), 4 
umoles of dCMP, 35 units (9) of a deoxynucleotide kinase 
preparation (14), 6 umoles of MgCle, and 100 umoles of glycyl- 
glycine buffer, pH 7.0. After incubation for 2 hours at 37°, the 
mixture was heated for 2 minutes at 100°, chilled, and centrifuged 
for 10 minutes at 10,000 x g. The supernatant fluid was ad- 
justed to pH 8 with KOH, diluted with 8 ml of water, and applied 
to a column of Dowex 1 resin (chloride form, 2% cross-linked, 
0.8 cm? X 6 cm). Chromatography was carried out at 4°, and 
fractions were neutralized with NH,OH immediately upon 
collection. Elution with 0.01 n HCIl-0.01 m LiCl removed 
dCMP and AMP in the first 5 resin-bed volumes followed by a 
symmetrical peak of dCPP® between 9 and 16 resin-bed volumes. 
APP was then eluted with 8 resin-bed volumes of 0.01 n HCI- 
0.05 m LiCl. A symmetrical peak of dCPP#P® was next re- 
moved with 0.01 Nn HCI-0.08 m LiCl, appearing between 8 and 
18 resin-bed volumes of this efluent. The dCPP® and dCPP®. 
P® fractions each represented about 30% of the radioactivity 
initially added to the reaction mixture. The nucleotides were 
concentrated with Norit at 0-5° as follows. Pooled fractions 
for each nucleotide were adjusted to pH 2 with 1 n HCl, and 
Norit was added (0.1 ml of a 20% suspension of acid-washed 
Norit per umole of nucleotide) and stirred for 5 minutes. The 
Norit was collected by centrifugation, washed with 5 ml of cold 
water, and eluted twice by stirring for 5 minutes with 2-ml por- 
tions of 0.05 m NH,OH in 50% ethanol and centrifuging. The 
volume of the combined eluates was reduced to 2 ml by evapora- 
tion under an air stream. Colloidal charcoal was aggregated 
by freezing and thawing and removed by centrifugation. 

Preparations of dCPP® and dCPP#P® had the characteristic 
ultraviolet absorption spectrum of cytosine nucleotides (at pH 2, 
A 280 mu /A 260 mp = 2.1 and A 250 260 mu = 0.44 to 
0.48). The specific radioactivity of the dCPP2P® (1.29 x 10 
c.p.m. per umole of nucleotide) was twice that of the dCPP® 


(0.64 10° c.p.m. per umole). Acid hydrolysis (1 N 
1 We are grateful to Dr. Paul Berg and Dr. Fred Bergmann for | 


the gift of the activating enzymes. 
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15 minutes, 100°) converted over 90% of the radioactivity of 
both compounds into a form not adsorbed by Norit. 

Adsorbents and Other Materials—The Norit suspension used 
hoth in substrate preparation and in the routine assays was 
prepared as follows. Norit A, 160 g (Fisher Scientific Company), 
was suspended in 2 liters of distilled water and allowed to settle 
for about 12 hours. The supernatant fluid was discarded and 
the Norit was resuspended in 2 liters of 1 nN HCl and held under 
vacuum until bubbling ceased (1 to 2 hours). The charcoal was 
washed with distilled water as before until the supernatant fluid 
was above pH 3, centrifuged briefly, and resuspended in 4 times 
its volume of distilled water. 

DEAE-cellulose (15) (type 40, Brown and Company, Berlin, 
New Hampshire) was suspended in 0.25 n NaOH for 15 minutes 
at room temperature and then exhaustively washed with water 
and buffer, both before initial use and to regenerate used adsorb- 
ent. 2-Mercaptoethanol (practical grade) was a product of 
Eastman Kodak. Streptomycin sulfate was a gift from Merck 
Reduced glutathione was a product of the 
Sigma Chemical Company. 


Methods 


Assay of Enzyme—The routine assay measures the conversion 
of P in the terminal pyrophosphate group of dCTP to a form 
not adsorbed by Norit. The incubation mixture (0.25 ml) 
contained 6 mumoles of dCPP#P (1 x 106 c.p.m. per umole), 
2 umoles of MgCl, 2.5 wmoles of 2-mercaptoethanol, 10 wmoles 
of glycine buffer (pH 9.2), and enzyme in the range from 1 X 
10-'to 2 X 10-4 unit. Dilutions of enzyme for assay were made 
in Tris buffer (0.02 m, pH 7.5) containing 0.01 mM 2-mercapto- 
ethanol. After incubation for 20 minutes at 37°, the reaction 
was terminated by placing the tubes in an ice bath and imme- 
diately adding 0.5 ml of 0.1 N HCl, followed by 0.2 ml of “‘car- 
rier” solution (5 mg per ml of crystalline bovine serum albumin 
in 0.025 m sodium pyrophosphate and 0.025 mM potassium phos- 
phate buffers at pH 7) and 0.1 ml of Norit suspension. The 
mixture was shaken intermittently for 2 to 3 minutes. After 
centrifugation for 3 minutes at 5000 xX g, a 0.5-ml aliquot of the 
supernatant fluid was assayed for radioactivity. Such aliquots 
from controls from which enzyme was omitted contained 0.2 
to 0.5% of the total P®? added. P* released was proportional 
to the amount of enzyme added at each stage of the purification 
procedure. For example, 0.3, 0.6, and 0.9 wg of Fraction I 
(see below) cleaved 1.36, 2.64, and 3.76 mumoles, respectively, 
of dCTP. 

One unit of enzyme is defined as that amount which releases 
1 umole of PP; per minute under the above conditions. Specific 
activity is expressed as units per mg of protein. 

Activity with dCDP as substrate was measured in similar 
manner, except that dCPP* was substituted for the dCPP#P®, 
and 3 X 10-5 to 3 x 10-4 unit of enzyme was added. Release 
of P® was proportional to the amount of enzyme added; 0.013, 
0.026, and 0.039 ug of Fraction IV (see below) split 0.90, 1.63, 
and 2.32 mumoles, respectively, of dCDP. 

Other Methods—Protein was determined by the method of 
Lowry et al. (16); enzyme fractions containing interfering mate- 
rials such as streptomycin or 2-mercaptoethanol were first pre- 


_ Cipitated in the cold with trichloroacetic acid (10% final concen- 
_ tration). 


The method of Chen et al. as modified by Ames and Dubin 


S. B. Zimmerman and A. Kornberg 
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(17) was used to estimate P;. Acid-labile P is defined as the 
increase in P; after heating for 10 minutes in 1 N H.SO, at 100°. 

Radioactivity was measured with an end window gas flow 
counter with about 50% efficiency with P*. Measurements of 
ultraviolet absorption were made with a Zeiss model PMQ II 
spectrophotometer. 


RESULTS 
Purification of Enzyme 


Preparation of T2r+-infected EF. coli B cells has been described 
(reference (4), footnote 19). Such cells may be used imme- 
diately or stored at —12° for at least 2 years without significant 
loss of enzyme. 

All the following operations were carried out at 0 to 5°. The 
yields and purification at each step are summarized in Table I. 

Preparation of Extract—Infected cells (13 g) were suspended in 
60 ml of 0.05 m glycylglycine buffer, pH 7.0, and treated for 15 
minutes in a Raytheon 10-ke sonic oscillator. The suspension 
was centrifuged for 20 minutes at 12,000 x g, and the superna- 
tant fluid collected. The protein content was adjusted to 10 
mg per ml by dilution with the same buffer (Fraction I) (Table 
I). 

Streptomycin Precipitation of Inactive Materials—To 105 ml of 
Fraction I were added 32 ml of 5% streptomycin sulfate with 
stirring over a 10-minute period. After an additional 10 min- 
utes of stirring, the suspension was centrifuged for 15 minutes 
at 12,000 x g and the pellet discarded. The supernatant fluid 
was adjusted to pH 8.0 to 8.2 by slow addition of 0.1 Nn KOH 
(22 to 26 ml required) with constant stirring (Fraction II). 

First DEAE-cellulose Chromatography—A column of DEAE- 
cellulose (8.8 cm? X 26 cm) was equilibrated with 0.02 m potas- 
sium phosphate buffer, pH 8.1, containing 0.01 m 2-mercapto- 
ethanol. Fraction II (150 ml) was passed through the column 
at a flow rate of 3 ml per minute and washed into the column 
with 10 ml of the equilibrating solution. A constant gradient of 
elution from 0.08 to 0.32 m NaCl was applied, both limiting 
solutions containing 0.02 m potassium phosphate buffer, pH 8.1, 
and 0.01 mM 2-mercaptoethanol. The total gradient volume was 
1 liter. Fractions of 20 ml were collected at a flow rate of 6 ml 
per minute. Enzyme activity appeared as a peak in the last 
quarter of the gradient and fractions of highest specific activity 
was pooled. Total recovery of activity added to the column was 
70% (Fraction ITI). 

Second DEAE-cellulose Chromatography—Fraction III (108 
ml) was dialyzed twice for a total period of 4 hours against 20 
volumes of 0.02 m potassium phosphate buffer, pH 8.1, contain- 
ing 0.01 mM 2-mercaptoethanol. A column (0.8 cm? xX 15 em) 
of DEAE-cellulose was equilibrated with a solution of the same 


composition. The dialyzed Fraction III was passed through 
TABLE I 
Summary of enzyme purification 

Step Volume | Activity! Protein 
ml units mg units/mg % 
I | Sonic extraction 107 | 225 | 1070 0.21 | 100 
II | Streptomycin 152 | 170 | 338 0.50 76 
III | First DEAE-cellulose! 122 57 15.9| 3.6 25 
IV | Second DEAE-cellu- 26 28 2.0) 14.0 12 
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Fraction number 


Fic. 1. Ion exchange chromatogram of products of dCTP cleav- 
age. A mixture (1.0 ml) containing 1.78 uwmoles of dCPP*®P%2 
(1.4 X 10° e.p.m.), 10 of 2-mercaptoethanol, 8 ywmoles of 
MgCl, 40 umoles of glycine buffer, pH 9.2, and 1.5 ug of dialyzed 
Fraction IV was incubated for 60 minutes at 37°. The reaction 
was terminated by heating for 2 minutes at 80°. An aliquot was 
tested for P*? not adsorbed to Norit as described for the routine 
enzyme assay. To another aliquot (0.86 ml) were added 8.6 
umoles of authentic sodium pyrophosphate, and the mixture was 
applied to a column (0.8 cm? X 10 cm) of Dowex 1 resin (chloride 
form, 2% cross-linked). Elution with 0.0015 n HCl removed a 
peak of ultraviolet-absorbing, nonradioactive material identified 
as dCMP by its position in the chromatogram and its spectral 
ratios; elution with 0.01 n HCI-0.04 m NaCl removed small amounts 
of radioactivity and ultraviolet-absorbing material, presumably 
P;* and dCPP*, which corresponded to about 4% of both the 
total radioactivity and total ultraviolet-absorbing material. The 
same solution then removed a peak of radioactive material identi- 
fied as pyrophosphate by its appearance with the authentic pyro- 
phosphate and the absence of ultraviolet absorption. The second 
of the two incompletely resolved peaks of radioactivity repre- 
sented unreacted dCTP. The volume of the fractions was 7 ml. 
The amounts of dCMP and dCTP were estimated from the ultra- 
violet absorption measurements assuming ay = 13.0 X 10% (11). 
The amount of PP; formed was calculated from the specific radio- 
activity of the acid-labile phosphate in the peak tubes. 


the column at a flow rate of 0.5 ml per minute and washed into 
the column with 5 ml of the equilibrating solution. A constant 
gradient of elution from 0.04 to 0.28 m potassium phosphate 
buffer, pH 6.5, was applied, both limiting solutions containing 
0.01 mM 2-mercaptoethanol. The total gradient volume was 260 
ml. Fractions of 6 ml were collected at a flow rate of 1 ml per 
minute. The middle third of the gradient contained a peak of 
enzyme activity. Fractions of highest specific activity were 
pooled? (Fraction IV) and were stable for at least 2 months at 
5°. Fractions containing 2-mercaptoethanol were not frozen. 
The activity in Fraction IV was concentrated in about 60% 


* The last half of the peak of activity is significantly contami- 
nated with inorganic pyrophosphatase. 
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TABLE II 
Liberation of P; from dCDP and PP; from dCTP 


Additions were made as indicated to reaction mixtures (0.25 
ml) containing 2.5 wmoles of 2-mercaptoethanol, 2 umoles of 
MgCl:, 10 wmoles of glycine buffer, pH 9.2, and 4 ug of dialyzed 
Fraction IV. Aliquots (0.08 ml) removed before and after incy- 
bation for 30 minutes at 37° were added to 0.18 ml of cold 0.1 x 
HCl, followed by 0.05 ml of Norit suspension (20% packed vol- 
ume). After mixing for 3 minutes and centrifuging, the super- 
natant fluids were assayed for P; and acid-labile phosphate. 


P 
Substrate |. 
0 min | 30 min A 
pwatoms 

dCDP, 0.29 umole P; 0.01; 0.16 +0.15 

dCTP, 0.29 umole P; 0.02} 0.06 +0.04 
Acid-labile P 0.01) 0.36/+0.35 

PP;, 0.086 umole P; 0.02; 0.03'+0.01 
Acid-labile P 0.16 0.15/—0.01 


yield by precipitation with ammonium sulfate (0.6 g per ml of | 
After a 30-minute equilibration period, the — 
suspension was centrifuged for 40 minutes at 12,000 x g. The | 
pellet was thoroughly drained and redissolved in a minimal — 


Fraction IV). 


volume of 0.05 m glycylglycine buffer, pH 7.0, containing 0.002 
M glutathione. This solution was stored at —12° for a year 
without loss of activity, but lost 10 to 30% of its activity upon 
a single refreezing and thawing. 

When Fraction IV was used in experiments in which P; was 
determined colorimetrically, the enzyme was dialyzed twice fora 
total period of 18 hours against 500 volumes of 0.02 m Tris buffer, 
pH 7.5, containing 0.01 mM 2-mercaptoethanol. 
activity was about 70%. The dialyzed material was relatively 


_ unstable, losing about 20% of its activity each day of storage | 


at 5°. The variation in specific activity of dialyzed Fraction IV 
in the following experiments was a result of this instability. 


Products of Cleavage of dCTP and dCDP and 
Stoichiometry of Reactions 


dCTP Cleavage—PP; and dCMP were identified as the prod- 
ucts of dCTP cleavage (Fig. 1). PPi, recognized by radioactiv- 
ity, migrated with authentic PP; added as carrier; (CMP was 
eluted from the resin in the expected zone and showed the correct 
spectral values. The disappearance of 0.89 umole of dCTP 
was matched by the appearance of 0.78 umole of PP; and 0.81 
pmole of dCMP. An alternative measurement of dCTP cleavage 
was the radioactivity, 0.80 umole (calculated as PP;), which 
appeared in the fraction not adsorbed by Norit. 

dCDP Cleavage—P; was formed from dCDP under conditions 
in which dCTP cleavage was shown to yield PP;, and exogeneous 
PP; was only slightly hydrolyzed (Table II). The other product 
of dCDP hydrolysis was identified as (CMP. The cleavage 
of 0.50 umole of dCPP® yielded 0.44 umole of a nonradioactive, 
ultraviolet-absorbing material with the chromatographic be- 
havior of dCMP.8 


3 The incubation mixture was identical to that described in the 
legend for Fig. 1 except that 0.52 umole of dCPP* (1.8 X 10° ¢.p.m.) 
replaced dCTP and 2.1 ug of Fraction IV were used. After 60 
minutes of incubation at 37°, the reaction was terminated by 
heating for 2 minutes at 80° and the radioactivity not adsorbed to 
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Fic. 2. pH optimum for dCTP cleavage. Activity was de- 
termined by the routine assay, except that the buffers indicated 
(0.04 m) replaced the usual buffer. pH was determined in dupli- 
cate reaction mixtures from which the dCTP was omitted. The 


routine assay mixture was pH 9.0. Closed and open symbols 
represent the results of two experiments. 
8, glycine (K*); A, phosphate (K*). 


Tris (Cl-); 


Properties of Purified Enzyme 


pH Optimum—The maximal rate of dCTP cleavage occurred 
around pH 9 (Fig. 2). In the glycine buffers, deviations from a 
continuous curve are greater than the usual error of the assay, 
but the significance of these deviations is not clear. The influ- 
ence of pH on the rate of dCDP hydrolysis was similar to that 
shown for dCTP; at pH 8.4 and pH 9.8 the values were 47 and 
85%, respectively, of the rate at pH 9.0. 

Effect of Cations—The purified enzyme required Mg** for 
activity with dCTP. Fraction IV (0.004 ug) cleaved 1.2 mp- 
moles of dCTP in the presence of 5 * 10-4 m MgCl. and less 
than 0.02 mumole when MgCl. was omitted or replaced by ZnCl, 
CaCl, or MnCl, at the same concentration (all measurements 
made in the routine assay with the cations indicated and a Tris 
buffer (0.04 m, pH 8.9) replacing the glycine buffer). The 
Michaelis constant, A,, for Mg** under the usual assay condi- 
tions (glycine buffer) was 1 x 10-3 M, and in Tris buffer it was 
5 X 10-4 m (Fig. 3) (18). 

The rate of hydrolysis of (CDP was stimulated over 30-fold 
by Mg++, the effect being maximal at about 8 X 10-3 mM MgCl. 

K, for dCDP and dCTP—Several determinations of the K,, 
for (CDP and dCTP are plotted (18) in Figs. 4, 5, and 6, and 
are summarized in Table III. The ratios of the maximal veloc- 
ities on the two substrates, Vmax (dCTP) to Vinax (ACDP), 
were 1.9 and 2.4 when calculated from the data of Figs. 54 and 
6A, and Figs. 5B and 6B, respectively. 

Substrate Specificity—The relative activities with dCTP or 
dCDP as substrate did not change significantly throughout the 
purification (Table IV). 

A number of deoxy- and ribonucleoside triphosphates, as well 
as (CDP, were compared with dCTP as substrates for the puri- 
fied enzyme (Table V). Of those compounds, only dCTP and 


Norit was taken as the measure of dCDP cleavage. An aliquot 
of the reaction mixture was applied to a Dowex 1 column as de- 
scribed in Fig. 1. Elution with 0.0015 n HCl separated a peak of 


material with the spectral ratios of (CMP (A 280 my/A 260 mp = 
2.0; A 250 mu/A 260 mu = 0.44). 
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dCDP were split at significant rates. Various extents of inhibi- 
tion of dCTP-splitting by equimolar amounts of the test com- 
pound were found (Table V). 

Inhibitors—dCDP competitively inhibited the cleavage of 
dCTP (Fig. 6B), as did dCTP the hydrolysis of dCDP (Fig. 5B). 
The K,, and K; values for a given nucleotide were similar (Table 
ITI), suggesting that one enzyme acts on both dCDP and dCTP. 

dCMP, a product of the reactions of both dCDP and dCTP, 


@) 2 4 6 8 10 
Ys) (Szumoles of MgCl2 /mi) 


Fic. 3. Effect of Mg** concentration on the rate of dCTP 
cleavage. Fraction IV (0.0017 ug) activity was measured in the 
routine assay with dCTP except that the buffer (0.04 m) and the 
MgCl, concentration were as indicated. @, Tris (Cl-) buffer, 
PH 8.9; O, glycine (K*) buffer, pH 9.0. 


@) | 2 3 4 5 
AS) (S= mumoles of dcTP/m!) 


Fic. 4. Effect of dCTP concentration on the rate of reaction. 
The routine assay for dCTP cleavage was used to measure Frac- 
tion IV activity, except for varying the dCTP concentration. 
The dCTP had a specific radioactivity of 1 X 107 to 1 X 10% c.p.m. 
per umole, allowing measurements at less than 5% utilization of 
the substrate. 
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behaved as a competitive inhibitor of both substrates (Figs. 5.4 TABLE IV 
and 6A). The K; values for both reactions did not differ signifi- Relative reaction rates with dCDP and dCTP at various | 
cantly (Table III), again suggesting a single enzyme acting on stages of purification 
both dCDP and dCTP. Additions of 20 or 100 myumoles of Aliquots of each fraction were tested in the routine assays for | T: 
either P; or PP; to the routine assay systems inhibited the reac- dCDP- and dCTP-splitting activities. ‘ref 
tions with dCDP or dCTP by less than 15%. ah fe the 
Both crude (see below) and purified enzyme preparations were Enzyme fraction Specific activity dCDP-splitting activity | infe¢ 
strongly inhibited by fluoride. At 1 10-4M and 4 | (0: 
KF, inhibition of dCDP cleavage was 73 and 86%, respectively, amp 
whereas inhibition of dCTP cleavage was 65 and 78% at those I 0.19 3.0 tract 
levels of fluoride. The extent of fluoride inhibition of dCTP as ripig ae Mul 
2.0 2.9 
IVa* 10.4 3.3 nata 
A 3 b 10.0 2.9 were 
3 4 2 4 c 7.4 3.2 a 
Inhibitors inhibitor = dCTP d 4.4 3.2 
12 (Average = 3.1) 


* IV a, 6, c, and d designate samples from the first, second, 
third, and fourth quarters, respectively, of the peak of enzyme 


+ eluted in the second DEAE-cellulose chromatography. 


Ver 08 Vr 08 


TABLE V 

Nucleotide specificity 
g Incubation mixtures (0.25 ml) contained 0.3 umole of the indi- 
cated nucleotide, 2.5 uwmoles of 2-mercaptoethanol, 2 umoles of 
MgCl, 10 umoles of glycine buffer, pH 9.2, and aliquots of dia- 
—— lyzed Fraction IV. Samplings after 0 and 30 minutes of incuba- — 
. a 5 tion at 37°, followed by Norit adsorption, were carried out as 
| described for Table II. Acid-labile P plus P; in the Norit super. | 

Fic. 5. Effect of CMP and dCTP on the rate of dCDP hydroly- natant fluid was determined as P; after hydrolysis as described and 
sis. Numbers in parentheses on each curve indicate the concen-_ in ‘‘Methods.’’ Inhibition of the reaction with dCTP by the | 2 t 
tration of the inhibitor (A, (CMP; B, dCTP) in mumoles per ml. indicated nucleotides (last column) was determined by the re- | trati 
The legend to Fig. 4 applies here, except that dCPP*® replaced lease of P%* not adsorbed to Norit when 0.3 umole of dCPP#P® | dest: 


> 


oN 


2 3 + 5 “| 0 I 2 
(Stmumotes of dCDP/m!) 


dCPP#p®, : (2 X 103 c.p.m.) was added to the incubation mixtures described } of tt 
above. 
Inhibitor = dCMP Inhibitor = dCDP 

foun 

1 | aCTP 0.26 abo 

dCDP 0.08 77 or 

dTTP <0.01 50 amo 

dGTP <0.01 17 ence 

dATP <0.01 ture: 

shov 

2 dCTP 0.31 T 

; ATP <0.01 20 trac’ 
“| 0 2 3 4 2 5 GTP <0.01 20 

memoles of dCTP/m!) of a 

CTP <0.01 30 

Fic. 6. Effect of (CMP and dCDP on the rate of dCTP hy- UTP <0.01 40 tion 

drolysis. Numbers in parentheses on each curve indicate the 

concentration of the inhibitor (A, (CMP; B, dCDP) in mumoles 3 dCTP 0.34 at t 

per ml. The legend to Fig. 4 applies here. 5-hydroxymethyl dCTP <0.01 12 hon 

5-bromo dCTP <0.01 0 trac 

TABLE III 5-bromo dUTP <0.01 33 ne 

Inte 


Apparent affinities of substrates and inhibitors M) ¢ 

-3 hate 
| was unaltered in the presence of 5 X 10-3 M phosp 
| «xX 108 we X 108 Absence of P; Exchange in dCDP Cleavage—The rate of in- | toet 
dCDP | 2.5 dCMP 140 Fig. 5A corporation of P, into dCDP by exchange was less than 1% 7 
| 2.2 dCTP 4.2 Fig. 5B of the rate of hydrolysis. Reversal of the hydrolytic reaction oh 
IP) 48 Fig. 4 was not detected under the conditions used.‘ Less 
| 14.6 | d@CMP 200 Fig. 6A Pe, 
| 3] | dCDP 2.7 Fig. 6B 4 Incubation mixtures (0.25 ml) contained 3 wmoles of P*-po- nile 
| | tassium phosphate (pH 9, 5 X 10° c.p.m.), 2.5 umoles of 2-mercap- rit 


| 
| | 
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TABLE VI 


Occurrence of enzyme in extracts of noninfected and T2-, 
T4-, and T6-infected E. coli B 

T2r*+-infected E. coli B were prepared as described previously 
(reference (4), footnote 19). Noninfected cells were grown in 
the same way but the phage was omitted. T4rt- and T6rt- 
infected cells were similarly prepared except that L-tryptophan 
(20 wg per ml) was added at the time of infection, and the chlor- 
amphenicol was added 15 minutes after the phage. Sonic ex- 
tracts of 50 to 150 mg of cells were obtained by treatment with a 
Mullard ultrasonic drill for 30 seconds in 1.5 ml of 0.05 m glycyl- 
glycine buffer, pH 7.0, containing 0.001 mM glutathione. The super- 
natant fluids after centrifugation for 10 minutes at 10,000 X g 
were measured for dCTP-splitting activity in the routine assay. 


No. Extract 
mpmolcs 
1 Noninfected E. coli B, 0.4 ug 0.02 
2 Noninfected E. coli B, 20 ug 0.80 
3 Noninfected E. coli B, 40 ug 1.57 
4 T2rt-infected E. coli B, 0.4 ug 2.43 
5 T4rt-infected E. coli B, 0.4 ug 1.00 
6 T6r*-infected E. coli B, 0.4 ug 1.94 
7 No. 1 + No. 4 2.17 
8 No. 2 + No. 4 2.04 
9 No. 3 + No. 4 3.25 


| 


Miscellaneous Properties—The activity of fractions prepared 
and assayed in the absence of 2-mercaptoethanol was stimulated 
9- to 3-fold by assay in the presence of this compound, a concen- 
tration of 0.01 M giving maximal stimulation. The activity was 
destroyed by heating. After 10 minutes at 65°, at least 97% 
of the activity in Fraction I was lost. 

A relatively low but significant dCTP-splitting activity was 
found in extracts of noninfected E. coli. This activity increased 
about 100-fold after infection with bacteriophages T2r+, T4rt, 
or T6r+ (Table VI). The differences in specific activity found 
among the latter extracts may be partly a result of the differ- 
ences in the manner of preparation of the infected cells. Mix- 
tures of extracts from noninfected and T2rt+-infected E. coli 
showed a small inhibition (Table VI). 

There were several differences between the activities in ex- 
tracts of noninfected cells and of T2r+-infected cells. The ratio 
of activities upon the two substrates (dCTP to dCDP) before 
infection was 0.29, as compared to a ratio of 3.1 after T2-infec- 
tion (Table IV). Secondly, the ratio of activities with dCTP 
at two pH values (pH 9.2 to pH 7.5) was 1.1 in the extract of 
noninfected cells and 4.6 after T2-infection. Finally, the ex- 
tract of noninfected cells did not exhibit the high degree of 
sensitivity to fluoride inhibition found with extracts of T2- 
infected cells (Fig. 7). At a concentration of fluoride (2 x 10-3 
M) at which the activity in an extract of T2-infected cells was 
decreased over 98%, the activity of the normal extract was only 


toethanol, 2 umoles of MgCle, 10 umoles of glycine buffer, pH 9.2, 
0.3 ug of Fraction IV, and either 36 mumoles of dCDP or 2 umoles 
of dCMP. After incubation for 20 minutes at 37°, P; was twice 
extracted by a modified (19) Berenblum-Chain (20) procedure. 
Less than 0.2 mumole of P** remained in the aqueous layer (non- 


Pi fraction). Under the same conditions, 36 mumoles of dCPP* 


released 15 mumoles of P;* with recovery of the remainder in the 
non-P; fraction. 
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S 

2 

0 infected, 0.2.3 * noninfected, 20ug | 
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> 

2 10 


4 6 
KF (Mx 


Fic. 7. Fluoride inhibition of activity in extracts of noninfected 
and T2rt-infected E. coli B. The extracts were prepared as 
described in Table VI, and measured in the routine assay with 
dCTP in the presence of the indicated amounts of KF. 


15% inhibited. A mixture of the two extracts showed an addi- 
tive response to fluoride (Fig. 7). 


DISCUSSION 


The enzyme splitting dCDP and dCTP has been identified 
in extracts of E. coli infected with T2r+, T4r+, or T6r+ bacterio- 
phages and at roughly comparable levels in all these extracts. 
This enzyme is virtually absent in extracts of uninfected cells or 
of cells infected with T5 bacteriophage, a virus containing cyto- 
sine inits DNA. Whereas dCTP cleavage can actually be meas- 
ured in extracts of uninfected E. coli and is approximately 1% 
of that determined in extracts of T2r+-infected cells, the activity 
in the latter extracts can be distinguished by its sensitivity to 
fluoride, an alkaline pH optimum, and a relatively greater rate 
of cleavage of dCTP than dCDP. It therefore seems probable 
that the infected cell enzyme is totally absent from uninfected 
cells or, if present, occurs at levels of less than 0.1% of those 
obtained with infected cells. In view of Bessman’s findings (21) 
of altered properties of (GMP kinase formed after infection, 
of current studies indicating that the increased DNA polymerase 
is immunologically distinct from that in noninfected cells, and 
of these investigations of dCDP and dCTP cleavage, it appears 
probable that enzyme synthesis in infected cells is represented 
by new and unique proteins. 

The dCDP- and dCTP-splitting activity measured after phage 
infection is of the order of 60 times greater than the kinase 
activity which converts dCMP to dCTP. Considering the 
tight binding of these substrates by the cleavage enzyme (Kp 
of 2 to 4 & 10-*M) (Table III), this finding is consistent with the 
known events of infection. Studies in vitro with the DNA 
polymerase of infected cells indicate that if dCTP is present, it 
will be incorporated into DNA (4, 7, 8), yet the DNA produced 
in vivo contains hydroxymethylcytosine to the exclusion of cyto- 
sine (1). As proposed earlier (4, 7, 8) the dCTP-splitting activ- 
ity provides a reasonable mechanism for the removal of dCTP. 
The phosphorylation of dCMP in these cells almost certainly 
involves the intermediate production of dCDP (22) so that the 
dCDP-splitting activity would thus allow another stage at 
which the production of dCTP could be diverted. The product 
of either dCDP or dCTP cleavage is dCMP, the precursor of 


5H. V. Aposhian and A. Kornberg, unpublished experiments. 
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5-hydroxymethyl dCTP (3); the latter nucleotide is insusceptible 
to cleavage by the dCTP-splitting enzyme. 

Several lines of evidence strongly suggest that the same enzyme 
is responsible for the cleavage of both dCDP and dCTP. The 
ratio of activities on the two substrates remains constant through- 
out the purification. Both substrates behave as competitive 
inhibitors of each other. The A,, of dCTP is approximately 
equal to the K; for dCTP as an inhibitor of dCDP hydrolysis; 
similarly the K,, of dCDP is equal within experimental error to 
its A; as an inhibitor of dCTP cleavage. dCMP competitively 
inhibits both reactions, the A; values being similar. Finally, 
both activities are induced by phage infection and show similar 
responses to Mg++, pH, and fluoride. Although the phage- 
induced dCTP-splitting enzyme described by Koerner et al. (7) 
is stated to be inactive with dCDP, this point was not studied 
by them in any detail. 

Of a variety of nucleotides tested as substrates, only dCDP 
and dCTP were cleaved at significant rates by the purified en- 
zyme. These results suggest not only specificity for the deoxy- 
cytidyl residue, but also a relative lack of specificity for the 
remainder of the molecule. This specificity for the deoxycytidyl 
residue is consistent with Cohn’s observation (23) that enzymatic 
cleavage of dCTP in H,O* resulted in O* incorporation into the 
nucleotidyl portion of the molecule. Her findings and ours 
suggest a nucleophilic attack on the phosphate of the deoxy- 
cytidyl group as follows: 

O O O O— 
Deoxycytidine—O—P 


This mechanism and enzymatic behavior have fundamental 
similarities to the action of snake venom phosphodiesterase 
which hydrolyzes not only phosphodiester bonds, but also ATP 
to AMP + PP;, and ADP to AMP + P;. The phosphodiester- 
ase has, of course, a very broad specificity including a variety of 
ribo- and deoxyribonucleoside 5’-phosphate-substituted esters 
and anhydrides and even the bis-p-nitrophenyl phosphate ester 
(24). A possibility which deserves further investigation is that 
the dCDP- and dCTP-splitting enzyme will also cleave terminal 
phosphodiester-linked deoxycytidyl residues from di- or poly- 
deoxyribonucleotide chains. 


SUMMARY 


An enzyme partially purified from extracts of T2r+-infected 
Escherichia coli catalyzes the reactions: 


deoxycytidine triphosphate — 


deoxycytidylate + pyrophosphate (1) 


deoxycytidine diphosphate — 


deoxycytidylate + phosphate (2) 


Evidence that a single enzyme is responsible for both reactions 
is derived from kinetic measurements, fractionation and purifica- 
tion steps, sensitivity to fluoride inhibition, and other properties. 


Phage-induced Deoxycytidine Di- and Triphosphate Cleavage 


The enzyme has little or no activity upon any of 10 deoxy- and 
ribonucleoside triphosphates and thus appears to be specific for 
the deoxycytidyl group but indifferent to whether the substity. 
tion on this group is ortho- or pyrophosphate. The Michaelis 
constant, A,,, for the substrates is 2 to 4 & 10-® m and the rate 
of cleavage in extracts is 60 times greater than the deoxycytidy). 
ate kinase activity. 

The enzyme was identified only in Escherichia coli infected 
with phages which lack cytosine in their deoxyribonucleic acid. 
The activity, if present in uninfected cells, is 0.1% or less of that 
found in infected cells. The cleavage of deoxycytidine di- and 
triphosphates thus represents a plausible mechanism for making 
these compounds unavailable for deoxyribonucleic acid synthesis 
and at the same time restoring deoxycytidylate to serve as q 
substrate for enzymatic conversion to 5-hydroxymethy! deoxy- 
cytidylate. 
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The deoxyribonucleic acid of bacteriophages T2, T4, and T6 
contains glucose linked to the hydroxymethyl! groups of hydroxy- 
methyleytosine. The work of Sinsheimer, Volkin, Jesaitis, and 
of Lichtenstein and Cohen (1-4) established the presence of glu- 
cosyl-hydroxymethyleytosine residues in the deoxyribonucleic 
acid and indicated that there is a characteristic glucose to hy- 
droxymethyleytosine ratio for each phage. Lehman and Pratt 
(5) have now published a detailed analysis showing four types of 
hydroxymethyleytosine residues which have the following dis- 
tribution in these phages: 


Unglucosylated......... in T2 25%, in T4 O, in Tb 25% 
in T2 70%, in T4 70%, in T6 3° 
B-Glucosyl.............. in T2 0, in T4 30%, in T6 O 
8-Glucosyl-a-glucosy! 

(diglucosyl).......... in T2 5%, in T4 O, in T6 72% 


To learn the enzymatic mechanism that determines these char- 
acteristic glucosylation patterns, we first undertook studies of 
T2-infected Escherichia colt and found an enzyme in these cells 
that transfers glucose from uridine diphosphate glucose to HMC! 
in DNA (6). This enzyme was not detected in cells infected 
with T5, a phage that does not contain HMC in its DNA, nor in 
uninfected cells. The enzyme did not glucosylate T2 DNA 
(which is already partially glucosylated) nor unpolymerized 
HMC deoxynucleoside mono- or triphosphate, but acted on en- 
zymatically prepared HMC-containing DNA. We have now 
extended the study of this enzyme and also initiated studies of 
enzymes from T4- and T6-infected cells. 

The results reported here indicate that infection of the cell 
with a given phage gives rise to distinctive glucosylating enzymes 
that may in large measure account for the characteristic distribu- 
tion of glucose residues in the DNA of that phage. The DNA- 
glucosylating enzyme found in T2 phage-infected cells transfers 
a monoglucosyl group to HMC in a configuration, which is the 
predominant form of the HMC residues observed in the DNA of 
T2. After T4 infection, two enzymes were found. One enzyme, 
like the enzyme of T2 infection, adds a monoglucosy] group in @ 
linkage to HMC. The second also adds only a monoglucosyl 
group to the HMC, but the configuration in this case is 8. The 
enzymatic results are thus compatible with the known composi- 
tion of T4 DNA, in which all the HMC residues have an a@- or 
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‘The abbreviations used are: HMC, 5-hydroxymethylcytosine; 
dHMP, 5-hydroxymethyl deoxycytidylate; EDTA, ethylenedia- 
minetetraacetate, sodium salt. 


B-monoglucosyl substituent. Two glucosylating enzymes were 
also found after T6 infection. One of these, like the enzyme of 
T2 infection, adds an a-monoglucosyl group to HMC. _ The sec- 
ond does not react with DNA’s lacking glucose, but only with 
those containing monoglucosyl-HMC groups. Diglucosylated 
residues are produced in which the linkage between the glucose 
residues has the 6 configuration. Here again the results are com- 
patible with the composition of T6 DNA. In no case does an 
enzyme induced by a given phage add glucose to the DNA of 
that phage. 

The three enzymes that produce a-linked, monoglucosy]l 
groups—one each from the T2, T4, and T6 infections—will be re- 
ferred to as a-glucosyl transferases: T2-HMC-a-glucosy! trans- 
ferase, T4-HMC-a-glucosy] transferase, and T6-HMC-a-glucosy] 
transferase. The enzyme of T4 infection that produces 8-linked 
monoglucosy! residues will be termed T4-HMC-6-glucosyl trans- 
ferase or the T4-G-glucosyl transferase. The enzyme from T6- 
infected cells that converts mono- to diglucosy! residues will be 
called T6-glucosyl-HMC-6-glucosy] transferase, or the T6-8-glu- 
cosy! transferase. 

This report presents the evidence for distinguishing these en- 
zymes and provides brief descriptions of their separation and par- 
tial purification. Intensive investigations of the purification and 
action of each of the enzymes are now in order and studies along 
these lines have been initiated. 


EXPERIMENTAL PROCEDURE 


Glucose-labeled UDP-glucose (3.2 10? ¢.p.m. per umole) was 
prepared from uniformly labeled C'™-glucose (Isotopes Specialties 
Company, Inc.) by first producing glucose 6-phosphate via the 
hexokinase reaction, and then causing this product to react with 
UTP in the presence of phosphoglucomutase, glucose 1 ,6-diphos- 
phate, and UDP-glucose pyrophosphorylase (7, 8).. For routine 
enzyme assays the C'-UDP-glucose was diluted to a specific 
radioactivity of 2.2 « 10° c.p.m. per umole with UDP-glucose 
purchased from Sigma Chemical Company. Streptomycin sul- 
fate was a gift from Merck and Company, Inc., and protamine 
sulfate from Eli Lilly and Company. DEAE-cellulose was pur- 
chased from Brown and Company (Berlin, New Hampshire). 

Bacteriophage and E. coli DN A’s were prepared according to 
Lehman’s directions (9) or were gifts from Dr. Lehman. Thy- 
mus DNA was prepared according to Kay, Simmons, and Dounce 
(11). Synthetic DNA containing HMC was prepared by the 
action of DNA polymerase (10) on the deoxynucleoside triphos- 
phates of adenine, guanine, thymine, and HMC, with the use of 
primer DNA from several sources. Concentrations of DNA are 
expressed as equivalents of nucleotide phosphorus. 
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TABLE I[ 


Fractionation of HMC-a-glucosyl transferases from 
bacteriophage-infected E. coli 


Glucosylation of DNA by Phage-induced Transferases 


Total Activity Specific 


Enzyme source Fraction activity yield activity 
units | | 
T2 infection | Crude extract | 58 (100) 0.08 
Streptomycin super- 44 760.16 
natant | 
DEAE-cellulose 
T4 infection | Crude extract 148 (100) | 0.24 
Streptomycin super- 99 67 | 0.41 
natant | | 
DEAE-cellulose | 37. | «4.4 
T6 infection Crude extract (100) 
Streptomycin super- 72 87 0.21 
natant | | 
DEAE-cellulose 45 1.3 


Enzymatic degradation of DNA to mononucleotides and ion 
exchange chromatography of the digests were carried out accord- 
ing to Lehman and Pratt (5). “The mono- and diglucosyl-dHMP 
used as reference materials in chromatography were gifts from 
Dr. Lehman, as were the diesterase and the a- and B-glucosidases. 
In several experiments HMC derivatives in the digests were re- 
solved by paper chromatography. Descending chromatography 
on Whatman No. 3 paper in isobutyric acid-ammonia? (12) 
yielded the following Racup values: dHMP = 0.94; monoglu- 
cosyl-dHMP = 0.73; diglucosyl-dHMP = 0.58. 

The bacteria were grown and infected with T2r+ bacteriophage 
as described previously (reference (6), footnote 19). T4rt- and 
T6r*-infected cells were similarly prepared except that L-trypto- 
phan (20 mg per liter) was added at the time of infection and the 
chloramphenicol was added 15 minutes after the phage addition. 

Protein was measured by the method of Lowry et al. (13). 

The glucosy] transferases used in all experiments were the most 
purified fractions obtained from the purification procedures to be 
described below. 


Assays for Glucosyl Transferases 


The enzymes were assayed by measurement of the amount of 
radioactivity of glucose-labeled C!4+-UDP-glucose converted to 
an acid-insoluble product in the presence of a suitable DNA. 
The acceptor DNA used was a synthetic HMC-containing DNA 
for the three a-glucosy! transferases, T2 DNA for the B-glucosy] 
transferase of T4-infected cells, and T4 DNA for the T6-glucosy]- 
HMC-£-glucosy] transferase. One unit of enzyme is defined as 
that amount that transfers 1 micromole of glucose in 1 hour. 

a-Glucosyl Transferases—The assay mixture (0.2 ml) contained 
100 mo Tris buffer, pH 7.5, 20 mm glutathione, 0.025 mm C- 
UDP-glucose, 0.015 to 0.03 mm HMC-DNA, and 0.0002 to 0.001 
unit of enzyme. (Enzymes were diluted in 20 mm Tris, pH 7.5, 
and 1 mM 2-mercaptoethanol.) After 15 minutes at 30°, the 
mixtures were placed in ice and the DNA was precipitated and 
washed as follows. First, 0.2 ml of a cold solution of thymus 
DNA (2.5 mg per ml) was stirred in, followed by 0.5 ml of cold 
1 n perchloric acid and 4 ml of cold water. After centrifugation 
for 5 minutes at 9000 x g, the supernatant fluid was discarded 


* We are grateful to Dr. Margeris A. Jesaitis for suggesting the 
use of this solvent. 


Vol. 236, No. 5 


and the precipitate dissolved in 0.3 ml of 0.2 n NaOH, reprecip- 
itated with 0.3 ml of cold 1 N perchloric acid, diluted with 4 m] 
of cold water, and centrifuged again. The precipitate at this 
state was sometimes washed with 2 ml of cold 1 N acetic acid 
and recentrifuged. The precipitate was dissolved and washed 
into a planchet with two or three 0.4-ml portions of 2 N NH,OH,. 
The planchet was dried and the radioactivity measured with a 
gas flow counter. Control assays, performed either in the ab- 
sence of enzyme or without incubation, measured 5 c.p.m. or less 
over the background count of 15 c.p.m. 

T4-B-Glucosyl Transferase—The assay mixture (0.2 ml) con- 
tained 100 mM potassium phosphate buffer, pH 7.8, 0.05 ma 
C4-UDP-glucose, 0.055 mm T2 DNA, and 0.0002 to 0.001 unit 
of enzyme. (The enzyme was diluted in 20 mm _ phosphate 
buffer.) After 15 minutes at 30°, the DNA was precipitated, 
washed, and plated exactly as described for the above assay. 

T6-Glucosyl-H MC-B8-Glucosyl Transferase—The assay mixture 
(0.2 ml) contained 100 mm Tris buffer, pH 7.5, 40 mm 2-mercapto- 
ethanol, 25 mm MgCl, 0.05 mm C4-UDP-glucose, 0.08 mm T4 
DNA, and 0.0002 to 0.001 unit of enzyme. (The enzyme was 
diluted in 20 mm Tris, pH 7.5, and 1 mm 2-mercaptoethanol.) 
The mixture was incubated for 15 minutes at 30°, and then 
treated as above. 


Purification of Enzymes 


All the procedures were carried out at 0-5°. The centrifuga- 
tions were at 10,000 to 12,000 x g. 

T2-, T4-, and T6-H MC-a-Glucosyl Transferases (Table I)—T2- 
infected cells (12 g) suspended in 54 ml of 0.05 m glycylglycine 
buffer, pH 7.0, were treated for 20 minutes in a 10-ke Raytheon 
sonic oscillator. Of the supernatant fluid, 28 ml after centrifuga- 
tion (crude extract) were diluted to a protein concentration of 
10 mg per ml with 50 ml of the same buffer and 0.8 ml of 1 m 
2-mercaptoethanol, and then treated with 0.3 volume of a 5% 
solution of streptomycin sulfate. After 15 minutes, the sus- 
pension was centrifuged and the precipitate discarded. To the 
supernatant solution (97 ml of streptomycin supernatant) was 
added an equal volume of potassium phosphate buffer (pH 8.0, 
0.02 m) containing 0.01 M 2-mercaptoethanol (Buffer A). This 
mixture was adjusted to pH 8.0 with 0.1 N NaOH and applied 
to a column (20 X 4 em?) of DEAE-cellulose (14) previously 
equilibrated with Buffer A. The column was then washed with 
70 ml of Buffer A. The linear gradient consisted of 140 ml of 
0.32 m NaCl in Buffer A in the stagnant phase and 140 ml of 0.08 
M NaCl in Buffer A in the mixing bottle. Fractions of 5.7 ml 
were collected. The two most active fractions, eluted after 82 
ml of eluent had passed through, were combined (11.4 ml, DEAE- 
cellulose), and the enzyme was quantitatively precipitated by 
the addition of 6.3 g of ammonium sulfate. The precipitate was 
redissolved in 1 ml of 0.05 m Tris buffer, pH 7.5, containing 0.02 
M glutathione. 

The T4- and T6-a-glucosy] transferases were purified from T4- 
infected and T6-infected cells, respectively, essentially as de- 
scribed above.‘ 

T4-H MC-B8-Glucosyl Transferase (Table II)—Crude extract 
(64 ml), prepared as above, was mixed with an equal volume of 


3 Better reproducibility in C' measurements was obtained when 
residual perchlorate was removed by an acetic acid or ethanol 
wash. 

4 We are indebted to Dr. L. L. Weed for his collaboration in the 
early phases of these investigations. 
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0.05 M glycylglycine buffer, pH 7.0, then with 38 ml of a 1% 
solution of protamine sulfate, and centrifuged. The active pre- 
cipitate was washed with 100 ml of 0.05 m potassium phosphate 
buffer, pH 6.8, and the enzyme was then eluted with 65 ml of 
0.15 M potassium phosphate, pH 7.4 (protamine eluate). In 
subsequent fractionation with ammonium sulfate, large losses 
by coprecipitation were avoided by stepwise removal of early 
inactive fractions. Protamine eluate fraction (60 ml) was 
first treated with 13.4 g of ammonium sulfate and allowed to 
stand for 5 minutes. It was then centrifuged for 5 minutes and 
the precipitate discarded. This was repeated next with 5.5 g 
and then with 4.2 g of the salt. Finally 6.3 g of ammonium 
sulfate were added to the supernatant fluid. The precipitate 
that had developed after 5 minutes was collected by centrifuga- 
tion for 5 minutes and dissolved in 1.5 ml of 0.05 mM potassium 
phosphate, pH 7.4. Additional precipitate formed when the 
solution was kept at —10° overnight was also collected, dissolved 
in 0.5 ml of the phosphate buffer, and combined with the previous 
fraction (ammonium sulfate [). 

Ammonium sulfate I (1.5 ml) diluted with the same buffer to 
6 ml was stirred with 1.5 g of ammonium sulfate. After 5 min- 
utes the suspension was centrifuged and the precipitate discarded. 
Ammonium sulfate (0.4 g) was added to the solution and, after 
5 minutes, the resulting precipitate was collected by centrifuging 
for 5 minutes. It was dissolved in 1 ml of 0.05 M potassium 
phosphate, pH 7.4 (ammonium sulfate IT). 

T6-Glucosyl HMC-B8-Glucosyl Transferase—This enzyme was 
obtained in the course of the isolation of the a-glucosy] transferase 
from T6-infected cells. T6 crude extracts contained about the 
same order of the glucosyl-8-glucosyl transferase activity as the 
a-glucosyl transferase—0.1 unit per mg of protein. Of the glu- 
cosyl-8-glucosyl transferase activity, 35%. remained in the strep- 
tomycin supernatant fraction described above. When this prep- 
aration was then fractionated on DEAE-cellulose to isolate the 
T6-a-glucosyl transferase, the glucosyl-6-glucosyl transferase re- 
maining in the streptomycin supernatant fraction became sep- 
arated from the a-glucosyl transferase. Of the glucosyl-6- 
glucosyl transferase 30% was not held by the column; 60% 
appeared early in the elution, between 57 and 80 ml of eluent; 
and none was found in the later fractions in which the a-glucosyl 
transferase was eluted (115 to 126 ml of eluent). The glucosyl- 
8-glucosyl transferase used in the experiments that follow was 
the preparation eluted as just noted. It was dialyzed before use 
against 0.05 m Tris buffer (pH 7.5) containing 0.02 m glutathione. 
The activity of the preparation was 0.4 unit per mg of protein. 


RESULTS 


Comparison of Fractionation Behavior of Enzymes 


Five different enzymes that catalyze the glucosylation of DNA 
have been fractionated as described above from extracts of E. 
colt cells infected with bacteriophages T2, T4, or T6; one enzyme 
from the T2 infection; and two each from the T4 and T6 infec- 
tions. 

Certain similarities of the enzyme from the T2-infected cells 
and of one of the enzymes from the T4- and T6-infected cells, the 
a-glucosyl transferases, are apparent from the descriptions of the 
purification steps (Table I). The activity measured was the 
ability to glucosylate synthetic HMC-DNA. These three en- 
zymes were not readily precipitated from the extracts by strep- 
tomycin sulfate, were quantitatively held by DEAE-cellulose, 
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TaBLe II 
Fractionation of T4-HMC-B8-glucosyl transferase 
Total | Activity | 
Fraction | activity | yield” | activity 
| 
units 
| 129 100 0.07 
Protamine eluate.................. | 6S | 74 0.49 
Ammonium sulfate I.............. | 40 31 2.1 
Ammonium sulfate II............. | 3 | 18 5.9 


and were eluted from this adsorbent in similar yields and at simi- 
lar salt concentrations. 

The a-glucosyl transferase isolated from T4-infected cells glu- 
cosylated T2 DNA to only a slight extent (this will be discussed 
in detail in a later section). Crude extracts of T4-infected cells, 
on the other hand, were capable of more extensive glucosylation 
of T2 DNA. It was observed in studying this reaction of crude 
extracts that the addition of phosphate stimulated this activity 
10-fold or more whereas, as will be seen later, the a-glucosy] trans- 
ferase is inhibited by phosphate. Fractionation (Table II) of 
the crude extracts for the phosphate-stimulated glucosylating ac- 
tivity (T4-8-glucosyl transferase) showed that this enzyme was 
more readily precipitated by streptomycin sulfate and by prota- 
mine, and was separated from a-glucosyl transferase early in the 
purification procedure. 

The a-glucosyl transferase prepared from T6-infected cells did 
not transfer glucose to T4 DNA, whereas the crude extract did. 
Fractionation of the crude extract on the basis of glucose transfer 
to T4 DNA (the T6-glucosyl-HMC-6-glucosyl transferase) 
showed this enzyme to be largely precipitated from the extracts 
with streptomycin sulfate, weakly held by DEAE-cellulose, and 
therefore readily separated from the a-glucosy! transferase (see 
‘Purification of Enzymes’’). 


Effects of Some Salts and Sulfhydryl on Enzymes 


The a-glucosy] transferases were alike in their requirement for 
a protective sulfhydryl reagent, their inhibition by phosphate 
buffer and by MgCl, and their insensitivity to EDTA (Table 
II1). The 8-glucosyl transferase of T4-infected cells, by con- 
trast, could be fractionated and assayed in the absence of a sulf- 
hydryl reagent and was stimulated by phosphate buffer and 
MgCl. The phosphate buffer stimulation of the T4-8-glucosy] 
transferase shown in the table was obtained in the presence of 25 
mM MgCl.; under the assay conditions given above for this en- 
zyme, MgCl; is not present and the enzyme is virtually inert in 
the absence of the phosphate buffer. The glucosyl-HMC-#-glu- 
cosy] transferase from T6-infected cells, like the a-glucosyl trans- 
ferases, required a sulfhydryl reagent but, like the T4-6-glucosy] 
transferase, was relatively inert in the absence of MgCly. 


Configuration of Glucosyl Linkages Produced by Transferases 


The transferases have been classified here as a- or §-trans- 
ferases. The experimental evidence that each of these DNA- 
glucosylating enzymes acts specifically as an a- or B-glucosy] 
transferase is given in Table IV. DNA was glucosylated with 
C'UDP-glucose by the different enzymes as shown, then iso- 
lated and degraded to nucleosides. These nucleosides were 
tested for susceptibility to splitting by specific a- and 8-glu- 
cosidases, by determining the amount of C!4-glucose released from 
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Glucosylation of DNA by Phage-induced Transferases 


TaBLeE III 
Effects of sulfhydryl, salts, and EDTA on transferases 
Enzyme dilutions were made in Tris buffer (50 mM) containing 50 mm 2-mercaptoethanol when the sulfhydryl reagent was present 
in the assay; when mercaptoethanol was absent from the assay, the sulfhydryl compound was also omitted from the enzyme diluent. 
All experiments, except those in which the phosphate buffer (pH 7.4) is specified, were carried out in the presence of Tris buffer (109 
mM, pH 7.4). MgCl:, 25 mm, was used in the experiments with the T4-8-glucosyl and the T6-glucosyl-HMC-8-glucosy] transferases, 
except where the omission is specified. Other conditions and procedures are those described under ‘‘Assays for Glucosyl Transferases,”’ 


Relative activity 


| 
| 
} 
| 
| 


oe Acceptor 2-mercaptoethanol | Buffer, 100 mut MgCle EDTA 

Phosphate 25 mu 10 mu 

None Tris None None 

| HMC-DNA | 12 | 0.21 0.14 1.00 
| HMC-DNA | > 100 0.19 0.03 0.90 
T4-HMC-@-giucosyl....................... | HMC-DNA | 1.2 | 1.4 ! 50 0.03 
| T2 DNA | 1.2 | 2.0 33 0.04 
T6-glucosy1-HMC-é-glucosyl.............. T4 DNA | 50 | 0.83 11 0.04 


TABLE IV 
Configuration of glucosyl linkages in 
enzymatically glucosylated DNA 

Conditions for glucosylation with glucose-labeled C!*-UDP- 
glucose were those given for each enzyme assay (see ‘‘Experimen- 
tal Procedure’’) except that the total volume was 0.40 ml., incu- 
bation time was 25 minutes, and each enzyme was added in excess. 
The reaction products were heated for 5 minutes at 75°, dialyzed 
against 1 liter of 0.2 m NaCl overnight, then dialyzed for 1 hour 
against water. The dialyzed reaction products were digested to 
nucleosides, and separate aliquots of each digest were treated 
with a- or B-glucosidase, fédllowed by Norit (5). The amount of 
C' that was not adsorbed by Norit (and therefore not bound to 
nucleotide) was a measure of the glucose released by each glucosi- 
dase. 


| | Radioactivity 
| Total — released by 
Transferase | Acceptor | | 
| digest a-Gluco- B-Gluco- 
| | sidase | sidase 
| | 
| c.p.m. X 103 
T2-HMC-a-glucosyl...... HMC-DNA 12.6 10.6 0.25 
T4-HMC-a-glucosy!...... HMC-DNA 17.2 10.9 £0.14 
T6-HMC-a-glucosyl....... HMC-DNA | 12.2 | 10.9 0.22 
T4-HMC-s-glucosyl...... HMC-DNA 16.8 0.26 | 14.9 
T4-HMC-8-glucosyl...... DNA 10.5 0.12 10.1 
T6-glucosyl-HMC-8-glu- | | 


the nucleoside by each glucosidase. The results show that one 
of the enzymes from each infection produces a-glucosyl bonds. 
In addition, one enzyme induced by the T4 infection produces 
B-glucosyl bonds, and one enzyme induced by T6 infection pro- 
duces 6-glucosyl bonds. 


Nature of DNA Acceptor in Glucosylating Reaction 


All three a-glucosyl transferases added glucose to enzymati- 
cally synthesized HMC-containing DNA (Table V). The extent 
of glucosylation varied between 50 and 80% of the amount of 
HMC residues calculated to be present; marked differences were 
not observed even though various primers had been used for the 


enzymatic synthesis of the HMC-containing DNA. T4 DNA, 
with no unsubstituted HMC groups, did not serve as acceptor 
with a-glucosyl transferases. The a-glucosy] transferases of T4 
and T6 infections were distinguishable from the enzyme of T2 
infection, however, by the extent to which they added glucose to 
T2 DNA. _ Although there was no detectable transfer to T2 DNA 
by the enzyme from T2-infected cells, there was a small addition 
of glucose to T2 DNA by the a-glucosy! transferases from T4- 
and T6-infected cells (Table V). The glucosylation, as shown 
with the enzyme from T4 infection (Fig. 1), proceeded to the 
same limit with varying amounts of enzyme, suggesting that the 
reaction was not the result of contaminating 6-glucosy] trans- 


TABLE V 


Extents of glucosylation of DNA acceptors 
by glucosyl transferases 


The values show the limits of C14-glucose transfer reached under 
conditions of excess enzyme and UDP-glucose concentration and 
extended time of incubation. The values are expressed as a 
percentage of the calculated total number of HMC residues in 
the acceptor DNA added to the reaction mixture. Synthetic 
HMC-DNA’s were enzymatically prepared with primer DNA’s 
from T2, T4, T6, £. coli, and calf thymus, and tested with all 
the glucosylating enzymes except the last enzyme; only T2- 
primed DNA was used with the T6-8-glucosyl transferase. P®- 
labeled 5-hydroxmethyl deoxycytidine triphosphate was used in 
the synthesis for ease of measuring the amount of HMC in the 
DNA’s. When the P* had decayed and its count was no longer 
measurable, the above experiments were carried out. The num- 
ber of HMC residues in the phage DNA’s was calculated as 0.16 
mole of HMC per mole of phosphorus (15). 


Acceptor DNA 


Transferases 


Synthetic 
A 


T2 


% of total HMC residues glucosylated 


T2-HMC-a-glucosyl............... 50-58 <1 | <1 | 
T4-HMC-a-glucosyl............... 66-75 <i | <i 
T6-HMC-a-glucosyl............... 50-71 7 <2 
70-78 28 | 25 
<1 70 70 | <i 
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ferase in the preparation. This experiment also shows that 
a-glucosy! transferase from T4-infected cells did not add glucose 
to T6 DNA, which 8-transferase does. 

The amount of glucose transferred to the DNA of T2 and T6 
phages by the @-glucosyl transferase of T4-infected cells was 
close to the amount of unglucosylated HMC in these DNA’s. 
It did not react at all with T4 DNA, as expected from the ab- 
sence of unglucosylated HMC residues. The extensive reaction 
with svnthetic HMC-DNA was not anticipated, in view of the 
fact that only 30°7 of the glucosyl! residues in T4 DNA have the 
8 configuration. Studies of T4 phage infection indicate that at 
about 10 minutes after infection, midway in the latent period, 
some phages are already completed while new DNA is still being 
synthesized (17). This suggests that the B-glucosyl transferase 
does not arise later in the infection than the a-glucosyl trans- 
ferase, and it seemed worthwhile to obtain quantitative informa- 
tion on this question. The experiment summarized in Fig. 2 
shows that the rate of appearance of the two transferases is about 
the same during the course of infection. 

The T6-glucosyl-HMC-@-glucosyl transferase did not bring 
about any detectable transfer of glucose to synthetic HMC-DNA 


2 040 T T 
Enzyme, 

030 T2 DNA 

& x 60 

0.20 

= 0.10 


“DNA, mymoles of HMC 


Fic. 1. Glucose transfer by HMC-a-glucosy! transferase of T4- 
infected cells to T2 DNA but not to T6 DNA. Reactions were 
carried out under assay conditions, amounts of enzyme, and DNA 
acceptor as shown. Time of incubation on T2 DNA curve: 10 
minutes with 1 wg of enzyme, 15 minutes with 30 and 60 ug of en- 
zyme; on T6 DNA curve: 12, 25, and 50 minutes at each point. 


d-transferase 


B-transferase 


nit/m 


Activit 


5 0 1§ 20 25 30 35 40 45 
Time after infection, minutes 


Fig. 2. Levels of a- and B-glucosyl transferases after infection 
of E. coli with T4r*+ bacteriophage. The study was done as 
described previously (Method II, reference (6)). Assays for a- 
glucosyl transferase were as described under “Experimental Pro- 
cedure.”” For 8-glucosyl transferase, incubation mixtures con- 


tained, in 0.2 ml: 100 mm Tris buffer (pH 7.5), 25 mm MgCle, 0.05 
mu C4-UDP-glucose, 0.055 mm T2 DNA, and 7 to 15 ug of crude 
extract protein. 
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TaBLe VI 
Enzymatic transfer of glucose to a- or B-monoglucosyl-HMC-DNA 


Reaction mixtures (0.2 ml) contained 100 mm Tris buffer, pH 
7.5, 50 mm 2-mercaptoethanol, 0.03 mm C!*-UDP-glucose, and 
synthetic HMC-DNA. To reactions containing T4-a-glucosyl 
transferase, 0.02 unit of T4-HMC-a-glucosyl transferase was 
added. To reactions containing T4-8-glucosyl transferase, 25 
mM MgCl, and 0.01 unit of T4-HMC-s-glucosyl transferase were 
added. All were incubated for 15 minutes at 30°. Then 6 mzg- 
moles of C'*-UDP-glucose, 0.01 unit of the T6-8-glucosyl trans- 
ferase, and to reactions with T4-a-glucosyl transferase enzyme, 
5 mumoles of MgCl. were added. Reactions in columns T4-a@ 
and T4-8 were terminated at once. Where column heading in- 
cludes T6-8, reaction mixtures were reincubated for 15 minutes 
at 30°; then all were terminated by acid precipitation and the 
acid-insoluble radioactivity was determined as described in 
‘‘Experimental Procedure.”’ 


} 


Glucosy] transferase 


Experi- | 
| | | | | aduet 
NO. eto 
Top | | Tes Top. 
mumoles of glucose incorporated 


nor to T6 DNA; T2 and T4 DN A’s accepted glucose to an ex- 
tent similar to the diglucosyl-HMC content found in T6 DNA. 
All the glucose-HMC bonds in T6 DNA are in @ configuration, 
but the glucosyl-HMC-6-glucosyl transferase from T6-infected 
cells is able to glucosylate glucosyl-HMC residues of either @ or 
6B configuration. This is shown by the experiment in Table VI 
in which a sample of synthetic HMC-DNA was glucosylated to 
its limit with either of the two enzymes from T4-infected cells. 
a-Glucosyl-HMC was produced by one enzyme, 8-glucosyl-HMC 
by the other (Table IV), yet the T6-glucosyl-HMC-6-glucosy] 
transferase when added in excess transferred to both types of 
monoglucosyl-HMC. 


Monoglucosyl or Diglucosyl Nature of Products 


The glucosylated DNA’s produced by the action of the en- 
zymes on various DNA acceptors were degraded to nucleotides, 
and by means of paper or ion exchange chromatography the 
monoglucosyl- and diglucosyl-HMC nucleotides were isolated. 
The results, given in Table VII and in Figs. 3 and 4, show that 
the three a-glucosyl transferases and the 8-glucosyl transferase 
of T4 infection produced only monoglucosyl-HMC residues; the 
B-glucosyl transferase from T6 infection produced only diglu- 
cosyl-HMC groups. 


DISCUSSION 


At the time that the DN A-glucosylating enzyme from T2-in- 
fected cells was described, it was known that the enzyme adds 
glucose only to HMC residues that are part of a DNA chain 
(6). It was not apparent then whether the distribution of glu- 
cose characteristic of T2, T4, and T6 DNA’s would prove to be 
a result of this one enzyme acting on the different DN A’s or to 
be due to additional enzymes produced in each infection. The 
experiments reported here demonstrate the latter alternative. 
Distinctive enzymes are found as a consequence of T2, T4, or T6 
infections. The DNA isolated from one bacteriophage may 
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TaB_Le VII 


Mono- or diglucosyl residues formed by glucosyl transferases: 
identification by paper chromatography 


Enzymatic transfer of C!4-glucose from C!4-UDP-glucose to 
acceptor DNA’s was carried out in the reaction mixtures described 
foreach enzyme. Enzyme was added in excess of that necessary 
to glucosylate to the limit the quantity of DNA used. Glucosyl- 
ated DNA was isolated as described in the legend to Fig. 3, de- 
graded completely to mononucleotides (5), and chromatographed 
on paper (see ‘‘Experimental Procedure’’). After the chromato- 
grams were developed, ultraviolet-quenching spots were cut out, 
eluted with 2.5 ml of 0.1 N HCl, and counted. No detectable 
radioactivity (<5°%) was found at the starting line or in zones 
adjacent to and between the ‘‘mono”’ and ‘‘di’’ spots. Zero 
values are given where no reaction was detectable (see Table V) 
and no chromatograms were run. 


| 
% of recovered radioactivity found in mono- or 


diglucosyl-dHMP with DNA acceptors below 
Transferase T2 | T4 | T6 
T2-HMC-a-glucosyl........; * | * | 
T4-HMC-a-glucosyl........ <5 >95 <5 OF O 
T6-HMC-a-glucosyl........ >95 <5 0 0 0 O 
T4-HMC-8-glucosyl....... >95) <5 >95 <5 0 >95 <5 
T6-glucosyl-HMC-6-gluco- | 
0 0 <5>95 <5>95 0 0 
* See Fig. 3 
0.15 3000 
£ 
200g 
3 
= ~ 
] 3 
— 0.05 1400 
= M lucosyl- 


12 14 6 18 20 22 24 
Fraction number 


Fic. 3. Ion exchange separation of C'4-monoglucosyl-dHMP 
from a digest of DNA after glucosylation by the a-glucosy] trans- 
ferase from T2-infected cells. Synthetic HMC-DNA was glu- 
cosylated under conditions described under ‘‘Assays for Glucosy] 
Transferases,’’ but on a 25-fold scale, and then precipitated with 
0.5 ml of 10 n perchloric acid, without addition of carrier DNA. 
The precipitate was washed as described in the assay procedure, 
rewashed with 4 ml of ethanol, and then dried in a vacuum desic- 
cator. The product was degraded completely to mononucleotides 
(5). An aliquot (18,000 c.p.m.) was mixed with authentic samples 
of mono- and diglucosyl-dHMP (1.0 and 0.6 umole, respectively) 
and chromatographed (16). Recovery of C!* was 101% of that 
put on the column. 


whether these residues can be glucosylated by a given enzyme. 


? 0.20 10008 
0.10 5003 
250] 


6 8 10 12 14 16 18 20 22 24 
Fraction number 


Fic. 4. Ion exchange separation of C-'diglucosyl-dHMP from 
a digest of T4 DNA after glucosylation by crude extract of T6.- 
infected cells. Reaction mixture (3.0 ml) contained 100 mm Tris 
buffer, pH 7.5, 200 mm glutathione, 0.05 mm C-4UDP-glucose 
(300,000 c.p.m.), 0.08 mm T4 DNA, and 2.8 mg of enzyme protein: 
incubation time, 1 hour. DNA was isolated and degraded to 
mononucleotides (see legend of Fig. 3). The digest (41,000 c.p.m.) 
was chromatographed (16) with a mixture of authentic mono- 
glucosyl-dHMP (1.4 umoles) and 0.8 umole of the diglucosy] ana- 
logue. Recovery of C' was 92% of that put on the column. 


serve as glucose acceptor with enzymes induced by other phages, 
Thus the DNA’s from T2 and T6 phages, in which about 25% 
of the HMC residues are unglucosylated, will accept about this 
amount of glucose by the action of a T4-infected cell enzyme; 
presumably this enzyme is responsible for synthesis of the com- 
pletely glucosylated T4 DNA in vivo. Similarly the DNA’s of 
T2 and T4, which contain monoglucosyl-HMC but few or no 
disaccharide units, can be further glucosylated by an enzyme 
from T6-infected cells to an extent approximating the diglucosyl- 
HMC content of T6 DNA. Broadly speaking, the glucosylating 
enzymes identified in a given infection carry out reactions ap- 
propriate to the DNA being produced during that infection and 
will act equally well on the DNA’s of other types of phages if 
sites are still available. The major question still remains as to 
how a given glucosylating enzyme reaches a fixed limit short of 
the total number of groups available for glucosylation in the DNA 
acceptor provided. A plausible interpretation is that the ar- 
rangement of the HMC residues in the DNA chain determines 


Additional questions remain or have been raised by these 
studies. First, the existence of a small percentage of disacchary! 
units in T2 DNA suggests the presence of an enzyme in T2-1n- 
fected cells comparable to the disaccharyl-producing activity 
found in T6-infected cells; thus far such an enzyme has not been 
demonstrated. Secondly, in T4 DNA, 70% of the glucose resi- 
dues are a-linked and the remainder are B-linked. When it was 
found that there are indeed two enzymes in T4-infected cells, one 
producing @ linkage and the other 8, it was expected that the “a 
enzyme” would proceed to a limit of 70% of available HMC 
residues and the “8 enzyme” to a 30% limit. However, the | 
glucosylation by the 8 enzyme of an enzymatically synthesized 


HMC-DNA is more extensive than by the a enzyme and gen-, 
erally in the ratio of 100:70. These findings hold whether the | 
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synthesis of the HMC-DNA has been primed by any of several 
DNA’s, including the DNA’s of T2, T4, or T6. The kinetics of 
appearance of the two enzymes during infection is similar. The 
question of what controls are at the basis of this 70 : 30 proportion 
of a to B linkages in T4 DNA remains to be answered. 

The transferases described in this report transfer the a-linked 
glucose residue in UDP-glucose with a retention of configuration 
of the glucosidic linkage in the case of the a-glucosy] transferase 
and an inversion in the case of the 8-glucosyl transferase. Al]- 
though examples of retention of the a configuration in glucosyl 
transfer from UDP-glucose are the most common, instances of 
inversion have been well documented (18). 


SUMMARY 


1. Infection of Escherichia coli with one of the bacteriophages 
of the series T2, T4, and T6 leads to the production of enzymes 
which transfer glucose from uridine diphosphate glucose to hy- 
droxymethyleytosine (HMC) residues in deoxyribonucleic acid 
(DNA). Each infection results in the development of one or 
more distinctive glucosylating enzymes which may in large 
measure account for the glucosylation pattern characteristic of 
the phage. 

2. An enzyme partially purified from T2-infected cells trans- 
fers glucose to form monoglucosy] units in @ linkage to a fixed 
fraction of the HMC residues of enzymatically synthesized DNA; 
no transfer is detectable to DNA from T2 phage. An enzyme 
purified from T4-infected cells and an enzyme from T6-infected 
cells are similar in properties and action to the enzyme from T2- 
infected cells, but are distinguishable from the latter by their 
ability to transfer a small amount of glucose to T2 DNA. These 
three enzymes have been designated the HMC-a-glucosy] trans- 
ferases. 

3. Another enzyme purified from T4-infected cells, and phys- 
ically separable from the a-glucosy] transferase, differs in many 
properties and forms monoglucosy] units in 8 linkage. It reacts 
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with HMC residues of enzymatically synthesized DNA, as well 
as with essentially all the available HMC residues of T2 DNA 
and T6 DNA. 


4. T6-infected cells contain two physically separable enzymes; 


one, the a-glucosy] transferase, and another which adds a second 
glucose unit in @ linkage to a pre-existing monoglucosylated 


HMC residue. 


These two enzymes acting in succession could 


account for the diglucosylated HMC units that predominate in 
T6 DNA. 


— 
QO 
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Biosynthesis of diphosphopyridine nucleotide in mammalian 
tissue and yeast has been demonstrated (1-3) to proceed from 
nicotinic acid by the following sequence of reactions: 


Nicotinic acid + PRPP!= nicotinic acid 
mononucleotide (1) 
+ 
Nicotinic acid mononucleotide + ATP=— N,zAD + PP; (2) 
N,AD + ATP + glutamine — DPN + glutamate 
+ AMP + PP; 


The occurrence of each of these reactions is well documented. 
However, the quantitative significance of this pathway in syn- 
thesis of diphosphopyridine nucleotide has not been established 
unequivocally since a direct comparison between total DPN 
synthesis in vivo and the activity of the enzyme system is lacking. 

Bacteria should be helpful in the determination of such a 
quantitative relationship, since total DPN synthesis by intact 
bacteria can be readily approximated and compared with activ- 
ities of the enzymes postulated to be responsible for the pathway. 
First, however, the existence of these enzymes in bacteria must be 
demonstrated. 

This report will present evidence that Escherichia coli contains 
an enzyme system which catalyzes the formation of DPN from 
nicotinic acid via nicotinic acid nucleotide intermediates and that 
the rate of DPN synthesis by this cell-free system is comparable 
to that of total DPN synthesis by the intact organism. 


EXPERIMENTAL PROCEDURE 


Materials—Nicotinic acid-7-C"™ (specific activity 5.88 me_ per 
mmole) and nicotinamide-7-C" (specific activity 5.96 mc per 
mmole) were obtained from New England Nuclear Corporation; 
ATP, PRPP,! and DPN from Pabst Laboratories; L-glutamine 
from Nutritional Biochemicals Corporation; protamine sulfate 
from Eli Lilly and Company; and DEAF -cellulose from Brown 
and Company, Berlin, New Hampshire. Nicotinic acid-C™% 
mononucleotide and nicotinic acid-C™ adenine dinucleotide were 
prepared by a modification of the procedure of Preiss and Hand- 


* These studies were supported in part by United States Public 
Health Service Grant No. E3277. 

t Postdoctoral Fellow of the National Cancer Institute, Na- 
tional Institutes of Health. 

1 The following abbreviations are used: N,MN, nicotinic acid 
mononucleotide; N,AD, nicotinic acid adenine dinucleotide; 
PRPP, 5-phosphoribosy!-1-pyrophosphate. 


ler (1), and unlabeled N,AD was a generous gift from Dr. N, 0. 
Kaplan. 

Methods—Purine and pyridine derivatives were separated 
chromatographically (1) and were located on paper under ultra- 
violet ight from a Mineralight 3L2537 lamp. Nicotinic acid 
nucleotides were distinguished from nicotinamide nucleotides by 
fluorescence of the latter (4) and by differences in electrophoretic 
mobility (1). Radioactive compounds, which had been sepa- 
rated chromatographically, were counted in a Packard Tri-Carb 
liquid scintillation spectrometer. Samples were prepared for 
counting by cutting a section of paper (7.5 by 3 em) which con- 


tained the radioactive material from the chromatogram, placing | 


the paper section in a scintillation vial, and then adding 15 ml of 
scintillation fluid to the vial. DPN was determined spectro- 
photometrically at 340 my (5). Protein was determined ac- 
cording to the procedure of Warburg and Christian (6) and 
bacterial growth was followed in a Beckman model DU spectro- 
photometer at 650 my (7). 

Growth and Harvest of Bacteria—F. coli strain K-12 was grown 
in a salts-glycerol medium supplemented with 1.2 wg per ml of 
vitamin B, (8). Cultures, usually 16 liters, were grown with 
vigorous aeration overnight at 30° in large carboys. The bace- 
teria were collected in a Sharples supercentrifuge, washed once 
in a Waring Blendor by suspension in 0.5¢¢ NaCl-0.5% KCl (3 
ml per mg of packed cells), centrifuged, and then stored at —12°. 

Preparation of DPN-Synthesizing Enzymes—Bacteria were 
disrupted by alumina grinding (12 g of levigated alumina per 4 g 
of frozen bacteria), suspended in 20 ml of 0.05 m phosphate buffer, 
pH 7.0 (9), centrifuged, and the slightly turbid supernatant was 
collected. To 39 ml of the supernatant were added 14 ml of a 
1°% protamine sulfate solution. The suspension was stirred for 
5 minutes, centrifuged, and the clear supernatant obtained was 
dialyzed against 3 liters of 1 & 10-* mM phosphate, pH 7.5, which 
contained 1 X 10°4*m GSH and 1 X 10-4 Mm Versene, for 1 hour. 
The dialyzed preparation (52 ml) was added to a packed 2- X 
16-cm column prepared from a 0.005 m phosphate suspension of 
DEAE-cellulose, pH 7.5. Protein was eluted from the column 
by a linear phosphate gradient at the approximate rate of 1.5 ml 
per minute. The elution reservoirs initially contained 500 ml of 
0.01 mM phosphate, pH 7.5, and 500 ml of 0.08 m phosphate, pH 
7.5, respectively. All steps in enzyme preparation were carried 
out in the cold and each of the 137 tubes collected contained ap- 
proximately 7.5 ml. The elution pattern and the respective 
activities of the three enzymes required for DPN biosynthesis are 
shown in Fig. 1. 

Nicotinic Acid Mononucleotide Pyrophosphorylase—Reaction 
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TUBE NUMBER 


Fic. 1. Chromatography of DPN-synthesizing enzymes on 
DEAE-cellulose. The chromatography was carried out as de- 
scribed in the text for enzyme preparation. Protein concentra- 
tions (@——@) were determined from 260 to 280 my extinction 
ratios (6). Activities of the various enzymes were assayed as 
described in the text. 


mixtures for the standard assay of this enzyme contained the 
following, in wmoles: MgSO,4, 20; ATP, 3.0; PRPP, 1.0; GSH, 
1.0; NaF, 40; Tris-phosphate buffer, pH 8.5, 100; nicotinic acid- 
7-C4, 0.1; and enzyme in a volume of 0.9 ml. The reaction mix- 
tures were incubated for 1 hour at 37°, then deproteinized by 
heating in a boiling water bath for 1 minute. A 25-yl aliquot of 
the protein-free mixture was separated chromatographically with 
an ethanol-ammonium acctate solvent system (1). Require- 
ments for maximal activity are shown in Table I, and Michaelis 
constants for the various reactants are listed in Table II. The 
enzyme exhibited activity over a wide pH range with optimal 
activity at approximately pH 8.5. The most active alumina 
extract obtained catalyzed formation of approximately 0.8 
mumole of N,MN per mg of dry weight per hour (Table I). 

When nicotinic acid in the reaction mixture (containing the 
purified enzyme) wasreplaced by nicotinamide-C™, small amounts 
of nicotinic acid-C™ and nicotinic acid-C'™ mononucleotide were 
found, but nicotinamide-C™ mononucleotide was not detected. 
Thus N,MN_ pyrophosphorylase appeared to be specific for 
nicotinic acid and essentially free from nicotinamide deamidase. 
It is noteworthy that, like the corresponding enyzme in yeast (1) 
and liver (2), this enzyme exhibited an as yet unexplained ATP 
requirement. 

Nicotinic Acid Adenine Dinucleotide Pyrophosphorylase— 
Standard incubation mixtures for assaying the ability of this 
partially purified (approximately 60-fold) enzyme to catalyze 
formation of N,AD (Fig. 1) contained the following, in umoles: 
MgSO,, 2.5; ATP, 2.0; N,MN-C", 0.02; phosphate buffer, 40, 
pH 7.5; and enzyme in a total volume of 0.5 ml. After a 30- 
minute incubation at 37°, the reaction was terminated and an 
aliquot assayed as described for the preceding enzyme. Optimal 
enzyme activity occurred at approximately pH 7.5. Concen- 
trations of N,MN and ATP required for half-maximal velocity 
are shown in Table II. Specificity of the enzyme was examined 
by comparing the rates of pyrophosphorolysis of N,AD and DPN. 
As shown in Table III, pyrophosphorolysis of DPN proceeded 
extremely slowly, if at all, whereas pyrophosphorolysis of N,AD 
proceeded at a rate comparable to the rate of synthesis of N,AD 
from N,MN and ATP. These data also indicate that EF. coli 
is capable of synthesizing 15 mumoles of N,AD per mg of dry 
Weight per hour if N,MN is in excess (Fig. 1). 
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DPN Synthetase—The partially purified (approximately 35- 
fold) enzyme was assayed by incubating the following, in umoles: 
MgSO,, 2.5; ATP, 1.0; (NH4)2SOu, 5.0; 0.14; Tris-NaHCOs, 
25, pH 8.5; and enzyme in a final volume of 0.5 ml. Reaction 
mixtures were incubated for 12 minutes at 37°, heated in a boiling 
water bath for 1 minute, and then cooled. To each reaction tube 
were added 1.0 ml of water, 0.2 ml of 95% ethanol, and 0.3 ml of 
0.5 m Tris, pH 9.0; and the DPN content was then determined 
(5). DPN synthetase exhibited optimal activity at approxi- 
mately pH 8.5. The requirements for this enzyme are indicated 
in Table [V. DPN synthetase was also assayed by following the 
conversion of nicotinic acid-C™ adenine dinucleotide to DPN-C™. 
After the reaction had been terminated by heating in a boiling 
water bath for 1 minute, the reaction mixture was cooled and 


TABLE I 
Requirements for activity of NaMN pyrophosphorylase 

The complete reaction mixture contained 20 umoles of MgSO,, 
3 umoles of ATP, 1 umole of PRPP, 0.1 umole of nicotinic acid-7- 
C14, 40 umoles of NaF, 1 umole of GSH, 50 umoles of Tris-phos- 
phate buffer, pH 8.5, and enzyme in a total volume of 1.0 ml. 
Incubations in Series A contained 0.25 ml of the indicated enzyme 
preparation, and incubations in Series B contained 0.5 ml of the 
partially purified enzyme from tubes 50 to 53. 


| | 


Series | Omissions | Enzyme _NaMN formed 

mumoles 

A | None Alumina extract 7 
Protamine sulfate-treated alu- 7.5 
| mina extract 
None _Dialyzed protamine sulfate- 7.0 
| _ treated alumina extract 

B-. None Purified fraction 2.9 
| PRPP Purified fraction 0.1 
Purified fraction 0.1 
Mgtt Purified fraction 0.3 
GSH Purified fraction 1.4 
| F- Purified fraction 2.5 


II 
Mazimal and half-maximal values for DPN synthesis 


Conditions for assay of the various enzymes were those de- 
scribed in the text. Partially purified enzyme was used in all 


instances. 
Enzyme Substrate Ba por 
M M 
NaMN_ pyrophosphoryl- | Nicotinic 2X 
ase acid 
PRPP 3 X 1075 
ATP 4X 10-4 
Mg** 2X 10°? 
N.AD pyrophosphorylase NaMN 3X 107° 
ATP 5 X 10-4 
Mg** 8 107% 
DPN synthetase N,AD 2X 10-5 
NH, 1 xX 10-5 
ATP 4x 10-4 
Mg** 4X 10-3 


ylumn 
ml 
ml of 
pH 
urried | 
| 
} 
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added to a Dowex 1-formate column (1 ml bed-volume). The TABLE IV af ct 
column was washed with 2 ml of water, then eluted with 3 ml of Requirements for DPN synthetase = 
0.3 m formic acid followed by 3 ml of 3.0 m formic acid (1). The complete incubation mixture contained 0.14 umole of Alig 
Aliquots (50 ul) of the two formic acid fractions were subjected N,AD, 0.08 umole of (NH,4)2S8O,, 1.0 umole of ATP, 2.5 umoles of nate 
to paper chromatography as mentioned above. DPN synthetase MgSO,, 10 umoles of KCl, 25 umoles of Tris-NaHCOs; buffer, pH} 4™° 
activity suggests that intact E. coli is capable of synthesizing 200 8.5, and 0.05 ml of enzyme from tube 49 in a final volume of 05} tion 
mumoles of DPN per mg of dry weight per hour if N,AD is ml. Where indicated, 0.1 umole of L-glutamine was added. Ip. } the 
present in excess. cubation was for 12 minutes at 37°. of L 
Nicotinamide Deamidase—Frozen cells were suspended in 0.05 Dida | Additions DPN formed 
M phosphate, pH 7.0 (4 ml per mg of cells), and disrupted by 
treatment for 15 minutes in a Raytheon 9-ke sonic oscillator. | mumoles T 
The sonicated suspension was centrifuged at 15,000 x g,andthe None None 21 colt 
turbid supernatant was collected. To the supernatant were then «AD | None 0 inte 
added 3.5 ml of 1% solution of protamine sulfate. After con- aoe | None 2 sepe 
tinuous stirring for 5 minutes in the cold, the suspension was wd ae : of F 
centrifuged at 15,000 g and the clear supernatant was collected. H,* N 3 
Nicotinamide deamidase activity was determined by incubat- 12 thes 
ing 5 umoles of MgSO,, 5 wmoles of ATP, 0.17 umole of nicotin- Buffer, pH 8.5 Buffer, pH 7.0 19 pyr 
NH,* and buffer, pH 8.5 L-Glutamine and_ buffer, 9 reg 
Tasie III pH 7.0 
NAD activity Enzyme | Boiled enzyme 0 of 
N,AD synthesis from N,MN-C' (Series A) was determined odd 
from incubations which contained the following in ymoles: amide-C", 50 wmoles of phosphate, pH 7.0, and an aliquot of the pret 
MgSOx, 2.5; ATP, 2.0; NaMN-C™, 0.1; phosphate buffer, pH 7.5, protamine sulfate supernatant in a total volume of 1.0 ml for 15 The 
20; and 0.05 ml of enzyme from tube 66 in a total volume of 0.5 . ° : . ; os 
ml. Reaction mixtures were incubated for 30 minutes at 37°. les the rection by 
of NAD and DON ‘wae: heating in a boiling water bath for 1 minute. <A 25-yl aliquot of | rece 
incubations which contained 2.5 wmoles of MgSO,, 25 umoles of the protein-free mixture was separated chromatographically by 
Tris, pH 7.3, 2.0 moles of pyrophosphate where indicated, 0.2 "-butanol saturated with 15% ammonium hydroxide (10). The | ine 
umole of N,AD (Series B) or 0.2 umole of DPN (Series C), and amount of nicotinic acid formed from nicotinamide under these | [p; 
0.2 ml of enzyme from tube 66 in a total volume of 0.56 ml. Reac- conditions tn vitro was the equivalent of 200 mumoles per mg of | wit! 
tion mixtures in Series B and C were incubated for 1 hour at 37°. dry weight per hour in whole cells. mec 
Unpyrophosphorylized N,AD was converted to DPN, which in Biosynthesis of DPN in Vivo—A 2.0-ml inoculum of E. coli ) not 
turn was measured at 340 mu. grown in the previously described salts-glycerol medium was | DP 
AN,AD added to 20 ml of aerated medium (37°) supplemented with | twe 
| 0.206 umole of nicotinic acid-7-C™. A 0.5-ml aliquot was re- | ack 
| mumoles mumoles moved from the suspension immediately after inoculation and |  esg 
A None | +6.0 the number of cells per ml (7) and the counts of nicotinic acid-C" I 
| ATP | +0.1 per minute per ml were determined. Aliquots (5 ml) were re- | cell 
| Mg** | +0.3 moved from the nicotinic acid-C'-supplemented culture at 2.25, | con 
S | a | fe 3.25, and 4.25 hours after inoculation. The number of cells per | est 
C | nt | | ie ml in each aliquot was determined. The sample was then cen- | NX, 
| PP, | _5 trifuged at 10,000 x g for 15 minutes and the supernatant col- | tra: 
| | . lected. To each centrifuged pellet of bacteria was added 0.2 ml | spe 
in € 
TABLE V not 
Pyridine nucleotide synthesis in vivo con 
Experimental conditions and assay procedure are described in the text. sut 
| | enz 
Nicotinic acid | NaMN DPN TPN Ae 
i | | Total pyridine ity 
Time | Cells | ie 3 | | | —— sug 
| | Extractt | Supernatant* | Extractt Extractt | Supernatant* Extractt | per 
| 7 
hrs ml mumoles of C'4 compound/ml medium | 
0 | 0.07 | | | | 
84 | 0.058 | 0.04 | 0.16 | 0.17 0.30 0.014 
a 8.1 | 0.065 | 0.04 | 0.19 | 0.21 0.48 0.023 
4.25 | 0.42 | 7.6 | 0.088 | 0.009 | 0.17 | 0.28 | 0.78 | 0.087 


* Medium centrifuged free of cells. 
+t Extract of cells collected by centrifugation. 
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af cold 109% HC10g, followed by 0.19 ml cold 2.0 N KOH. Care 
was taken to insure that the resulting solution was slightly acidic. 
Aliquots of the bacterial extracts (100 ul) and the bacterial super- 
natants (75 wl) were separated chromatographically (1). The 
amounts of the various pyridine derivatives found in each frac- 
tion are given in Table V. These data suggest that HF. coli, under 
the conditions indicated, synthesizes approximately 1 mymole 
of DPN per mg of dry weight per hour. 


DISCUSSION 


The evidence presented indicates that DPN biosynthesis in £. 
coli proceeds from nicotinic acid via nicotinic acid nucleotide 
intermediates. This conclusion is supported by the partial 
separation of the three enzymes required to catalyze this sequence 
of reactions. Furthermore, the activities of the latter two en- 
zymes (Fig. 1) are in excess of that required for total DPN syn- 
thesis in intact bacteria (Table V). The fact that N,MN 
pyrophosphorylase appeared slightly lower in activity than that 
required for total DPN synthesis in intact bacteria is readily ex- 
plained by the difficulty encountered in extraction and retention 
of active enzyme. 

The presence of an active nicotinamide deamidase in £. colt 
adds further support to the concept that nicotinic acid is the 
predominant precursor for the synthesis of DPN by this organism. 
The importance of this enzyme in providing nicotinic acid for 
yeast grown on a medium supplemented with nicotinamide has 
recently been demonstrated (3). 

Experiments with intact bacteria (Table V) showed that the 
incorporation of nicotinic acid-C into DPN parallels cell growth. 
In addition, the concentration of N,MN per bacterium decreased 
with time, suggesting that this compound is a biosynthetic inter- 
mediate rather than a degradation product. That N,AD was 
not detected in cell extracts is in accordance with the finding that 
DPN synthetase activity was far in excess of the activities of the 
two enzymes necessary for the formation of N,AD from nicotinic 
acid. Also, the activity of DPN svnthetase is reported to be 
essentially irreversible (1). 

From the data in Table V, and assuming the volume of 1 x 10° 
cells to be 1 wl (7), the concentrations of the various pyridine 
compounds within a bacterium under the present conditions were 
estimated. Such calculations indicated that nicotinic acid, 
N,MN, DPN, and TPN are present in the approximate concen- 
trations of 3 K 10->, 2 10-4, 5 10-4, and 5 X M, re- 
spectively. The value indicated for nicotinic acid is undoubtedly 
in excess of the actual concentration, since the extracted cells were 
not completely free from medium. In view of the low Michaelis 
constants observed for each pyridine derivative which serves as a 
substrate (Table II), such concentrations should permit the 
enzyme system in vivo to operate well above half-maximal veloc- 
ity. Furthermore, a DPN concentration in E. coli of 5 x 10-4m 


suggests that there are approximately 300,000 molecules of DPN 
per bacterium. Thus, if the turnover number (molecules of prod- 
uct formed per minute) for each of the three enzymes implicated 
in DPN synthesis is 1 X 10‘ or greater, 1 molecule of each enzyme 
_ would be sufficient for total DPN synthesis in vivo for a bacterium 
dividing every 60 minutes. 
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The properties of the DPN-synthesizing system of EZ. coli are, 


in general, similar to those reported for mammalian tissue and 


yeast (1, 2). 


There are, however, two apparent differences 


which might represent evolutionary changes in metabolic pat- 


terns. 
more effective amide donor than ammonia (1). 


With DPN synthetase from yeast, L-glutamine was a far 
With the bac- 


terial enzyme, ammonia was more effective than L-glutamine at 


both pH 7.0 and 8.5 (Tables II and IV). 


Secondly, DPN 


pyrophosphorylase activity from hog liver was found to parallel 
N,AD pyrophosphorylase activity during purification, and it 
was therefore concluded that one enzyme catalyzes both re- 
actions (1). In F. colt, however, pyrophosphorolysis of DPN 
by N,AD pyrophosphorylase proceeded very slowly if at all 


(Table III). 


It should be noted that human erythrocytes are 


reported to contain N,AD pyrophosphorylase activity but not 
DPN pyrophosphorylase activity (1, 11). 


SUMMARY 


Enzymes which catalyze formation of diphosphopyridine 


nucleotide from nicotinic acid via nicotinic acid nucleotide inter- 
mediates were partially purified from an extract of Escherichia 
colt, and the Michaelis constants for the substrates of each of the 
enzymes were determined. The rate of synthesis of diphos- 
phopyridine nucleotide in vitro by this enzyme system is com- 
parable to the rate of total diphosphopyridine nucleotide synthesis 
by the intact organism (approximately 1 myumole per mg of dry 


weight per hour). 


The presence of an active nicotinamide 


deamidase in F. colt was also demonstrated. The major pathway 
of diphosphopyridine nucleotide synthesis appears to proceed 
from nicotinic acid via nicotinic acid nucleotide intermediates. 


Acknowledgments—The author is extremely grateful to Dr. 


Arthur B. Pardee, in whose laboratory this work was accom- 
plished, for many helpful suggestions throughout the course of 
the work and for a critical review of this manuscript. 
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It has recently been shown that carbamyl] derivatives of 
acetylcholinesterase can be obtained by the reaction of the en- 
zyme with dimethylcarbamy] fluoride, dimethylcarbamy] choline, 
and carbamy] choline (1). These substances inhibit the enzyme 
slowly and once inhibited, the enzyme recovers activity slowly 
upon dilution. The rate of recovery is the same when the in- 
hibitor is either dimethylcarbamyl1 fluoride or dimethylcarbamy] 
choline. Also the rate of recovery is much more rapid in hy- 
droxylamine solution, and is again the same for the two inhibitors. 

These results can be understood only if both inhibitors produce 
the same dimethylcarbamyl enzyme. Enzyme inhibited by car- 
bamyl choline was also reactivated by hydroxylamine but, of 
course, at a different rate, because in this case carbamyl enzyme 
is found instead of dimethylcarbamyl enzyme. These carba- 
mates thus behave quite similarly to the ‘alkylphosphates”’ 
such as diisopropylfluorophosphate and tetraethylpyrophosphate. 
This possibility was originally mentioned by Myers and Kemp 
(2, 3), but also was suggested by others (4) 

In this paper we extend these observations to compounds of 
greater pharmacological interest, including a number of com- 
pounds which are used in medicine such as neostigmine and 
pyridostigmine. A number of dimethylearbamates and methy]- 
carbamates were studied along with four bis quaternary carba- 
mates of greater complexity. It had already been noted by 
Augustinsson and Nachmansohn (5) that physostigmine and 
neostigmine come to “equilibrium” slowly with acetylcholines- 
terase. This observation suggests that a more complicated re- 
action occurs than the formation of a reversible complex as one 
envisages in the case of reversible competitive inhibitors. 

All the compounds studied here show this behavior and all 
those that were tested recover more rapidly in hydroxylamine 
solution. In addition, all the dimethylcarbamates recover with 
the same rate, as do all the methylearbamates. It is quite clear 
that all these compounds yield carbamy! enzymes. 

The bis quaternary compounds were studied by Stumpf et al. 
(6-9). They found with red cells that these compounds were 
very potent inhibitors of acetylcholinesterase and that under 
conditions of washing when neostigmine inhibition was removed, 
inhibition by these compounds persisted undiminished. Our 
observations in general agree with these findings, but we have in 
addition demonstrated a slow return of activity upon dilution 
and shown that the rate is increased by hydroxylamine. 


EXPERIMENTAL PROCEDURE 


The acetylcholinesterase preparation was obtained from the 
electric organ of Electrophorus electricus (10,11). The solution 
* This work was supported by the Division of Research Grants 


and Fellowships of the National Institutes of Health, Grant No. 
B-573, United States Public Health Service. 
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- For measuring steady states the enzyme concentration was 


was 0.050 mM sodium phosphate buffer, pH 7.0, contained 2.4 mg 
of protein per ml, and had an activity of 3.9 mmoles of acety!- 
choline hydrolyzed per minute per ml. 

Activity was measured by the colorimetric method of Hestrin 
(12) with acetylcholine 2.5 X 10-* in buffer of the composition: 
0.1 mM NaCl, 0.01 m MgClo, 0.02 m sodium phosphate, pH 7,0, 
at 25.0°. The assay time was | minute and the dilution of en- 
zyme was such (about 3000) that with uninhibited enzyme 
about 1.3 uwmoles of acetylcholine per ml were hydrolyzed. The 
enzyme normality was about 2  10°° Mo in the assay. 

In this work the integrated kinetic equation containing terms 
for substrate inhibition and product (choline) inhibition was [ 
used to calculate the enzyme activity. 

Usually the enzyme concentration was about 3 X 10>* to 
3 X 10-7 m when inhibited and then diluted in the same buffer 
as the assay medium 300- to 3000-fold for measuring rates of 
recovery. 


kept very low, 10-§ to 10-9 mM, to minimize the decrease in in- 
hibitor concentration due to combination with and hydrolysis 
by the enzyme. In some instances, physostigmine and 3-methyl- 
carbamoyl oxyphenyl-trimethyl ammonium ion, even this con- 
centration was not sufficiently low, so that the decrease in 
inhibitor had to be estimated and the results are only approxi- 
mate. The latter compound also decomposes slowly in solution, 
50% in a few hours. 


RESULTS AND DISCUSSION 


The general reaction scheme for an inhibitor which produces a 
carbamyl enzyme is shown in the following scheme. 


X- C-NR)Ro +H-G (-) 
I E NRIRo ET 
| k3 
+ HX 
NR, Ro 
E’ 
G 
| ka it 
+ —~H-G + HO-C-NR\Ro 


This scheme is the same as for a substrate, for in fact these 
inhibitors are substrates, although extremely poor ones. There 
are some special differences; since k3 is extremely small, enzyme 
(£) and inhibitor (J) are surely in equilibrium with the enzyme- — 
inhibitor complex (E-J). In all cases studied here, the concen- | 


| 
t 
| 


TABLE 
The units of ky are min=! and of k’; are liter mole“! min-!. The values of ks given for the dimethylecarbamates and for the mo 
methyl carbamates are the average for the group. The half times & and ky, are related by 4ks4 = 0.69. Th ba (0 JES diene 
the concentration of inhibitor which produces 50% inhibition in the inendy state. egy, nee 
Name Formula tsNH20H 1 ks ka/k’s k’s 
Carbamates O 
Carbamyl- i | 
choline (CH;)3NC2H,—O—C—N ~2 min ~lmin ~4 X ~1.5 ~2.7 X 
| 5 
ates | 
Methylear- O 
bamyl cho- d | 
line 37, 39 5,5.5,5 1072/14 10> 1.3 x 103 
CH; O 
| | o—b_NHCH; | 
sostigmine 38, 3 | g 
2.4 mg y a 9 65 | 9.0 X | 2.0 x 108 
acetyl- N N | 
H CH; CH; | 
Hestrin | 
3-Methylcar- | 
| 
yitrimethy 
1 of en- ammonium O—C—NHCH: | 
enzyme ~2 xX ~9 X 108 
l. The | 
| | 
x terms N(CHs)3 | 
On was Dimethyl car- 
bamates 
Dimethylear- O 
10-* to bamyl fluo- 
» buffer ride F—C—N(CH3)2 26 13 2.6 X 10°? | 14 10°) 1.8 10°3 
ates of Dimethylear- O 
bamyl chol- I 
was ine (CH3)3NC2H,OC—N(CHs3)2* 26, 27 15, 14 8.0 10°° 3.2 10? 
in in- 
irolysis } 
nethyl Neostigmine —N(CHs3)2* 27.5 + 2 (6)! 12, 13 2.7 X 10-* | 9.5 X 105 
COn- 
ase in | 
pproxi- N(CHs)3 | 
lution, O | 
| 
OCN(CHs)2* | 
Pyridostigmine 24.27 4,15 | 1.6 X 10-* 1.6 X 108 
luces S | 
uces a 
CH; 
O CH; H;C O ++ 
Bis quaternary OC—N—(CH2),—N—C—O—+ | 
compounds 4 
| N(CHs)s 
N(CHs)s 
BC 40 n= 6 ~1650 ~350 ~4 X 10 
BC 47 n=8 ~1400 ~300 ~5 X 10-4 
BC 48 n = 10 ~2300 ~350 ~3 X 10 
O O ++ 
BC 51 ~900 ~250 ~8 X 10-4 
these S 
There / 
zyme én, CH; 
yncen- 
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tration of inhibitor which produced sizeable inhibition was well 
below the equilibrium constant for the inhibitor. It is therefore 
satisfactory to omit the explicit recognition of the complex in 
the mathematics of the problem and substitute the step charac- 
terized by k’;. The specific rate constant, ky, is a pseudo first 
order constant for the reaction of FE’ with water. It is apparent 
that if Z is small relative to J, the concentration of inhibitor re- 
mains constant and a steady state is reached in which the rate of 
carbamylation is equal to the rate of hydrolysis of the carbamyl 


enzyme, E’. Thus, 
E’ 
wo = k,/k, 


This relationship was easily verified by measurements at vari- 
ous concentrations of inhibitor, and the ratio ky/k’s was deter- 
mined. The concentration which produces 50% inhibition is 
equal to this ratio, and it should be noted that this interpretation 
differs considerably from the interpretation that would be made 
for a reversible competitive inhibitor. 

The kinetic parameter ky was determined by greatly diluting 
a solution of inhibited enzyme. The kinetic equation is 


In E’ = —kyt 

where #’o is the initial concentration of inhibited enzyme. E’ 
is, of course, not measured directly but is obtained from E® = 
ik’ + E, where E° is the total concentration of enzyme. The 
value calculated for ky, from the data is unfortunately highly 
dependent upon the value of F° used in the calculation. When 
the enzyme preparation is very stable, as in the present study, 
no great difficulty arises, but in a previous work (1) the enzyme 
deteriorated about 7% in the course of the experiment and this is 
probably the reason for the slightly different value of ky obtained 
for the hydrolysis of the dimethylcarbamy]! enzyme in that work. 

It was found with all the inhibitors tested that the inhibited 
enzymes derived from them could be reactivated with hydroxy]- 
amine. In those cases in which different inhibitors should yield 
the same carbamy] enzyme derivative it was found that the spon- 
taneous recovery rates were the same and also that the rates of 
reactivation with hydroxylamine were the same (Table 1). 
These observations are compelling evidence for the formation of 
carbamyl enzyme derivatives. All the inhibitors but one con- 
tain a cationic nitrogen function. We should therefore be cau- 
tious about generalizing these findings. Just as not all phos- 
phate esters yield phosphoryl enzymes, so we must assume that 
not all carbamates will yield carbamyl enzymes. 

It will be noted that the methylearbamates are more potent 
inhibitors than the corresponding dimethylearbamates. They 
are more potent mainly because they carbamylate the enzyme 
more rapidly. This behavior is consistent with the greater hy- 
drolytic lability of methylcarbamates. But the rates of hydroly- 
sis of the corresponding enzyme derivatives do not follow this 
order. 
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Compounds that do carbamylate acetylcholinesterase may stil] 
not be potent inhibitors, because in contrast to the phosphory| 
enzyme derivatives, the simpler carbamyl enzyme derivatives 
are hydrolyzed relatively rapidly. The simpler carbamates 
must therefore react very rapidly with the enzyme if they are 
to be good inhibitors. In the case of the diquaternary inhibitors 
this requirement is not necessary because the carbamyl enzymes 
derived from these inhibitors hydrolyze very slowly. 

Pyridostigmine is considerably less potent than neostigmine, 
again because the rate of carbamylation is slower, despite the 
fact that pyridostigmine is more anhydride in character (the 
monomethyl analogue of pyridostigmine decomposes very rap- 
idly in water, whereas the analogue of neostigmine decomposes 
slowly). This obviously indicates a lesser degree of molecular 
complementarity, which is consistent with our knowledge of this 
enzyme. 


Acknowledgments—Neostigmine, pyridostigmine, and _physo- 
stigmine were gifts from Dr. J. A. Aeschliman, Roche Labora- 
tories, Inc., Nutley, New Jersey. The BC compounds were 
obtained with the aid of Dr. C. Stumpf from Dr. W. G. Christian- 
sen, Oesterreichische Stickstoffwerke, A. G., Linz, Austria. 


SUMMARY 


Studies were made with 11 carbamate inhibitors of acetyl- 
cholinesterase. In all cases, inhibition was slow and the in- 
hibited enzyme when diluted recovered activity slowly. In all 
cases, recovery of activity was more rapid in the presence of 
hydroxylamine. All dimethylcarbamates yielded inhibited en- 
zymes which recovered activity at the same rate and were reac- 
tivated by hydroxylamine at the same rate. The same sort of 
result was obtained with monomethylcarbamates. 

These observations can be explained only if these inhibitors 
produce carbamyl enzyme derivatives which are relatively un- 
stable and hydrolyze in water. 
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The term, uncouplers of phosphorylation, usually denotes 
compounds which abolish mitochondrial electron transport- 
coupled phosphorylation without interfering with the maximal 
rate of respiration. In intact, phosphorylating mitochondria, 
full respiration is dependent on the availability of orthophosphate 
and of a phosphate acceptor (1, 2), notably adenosine diphosphate 
(3-5). Uncouplers of electron transport-coupled phosphoryla- 
tion are generally assumed to eliminate both of these require- 
ments. There are, however, indications in the literature that 
the concentration of orthophosphate may influence the rate of 
mitochondrial respiration in the presence of 2,4-dinitrophenol. 
Thus, Teply (6) reported in 1949 that the respiration of rat liver 
eyclophorase preparations with various substrates in the presence 
of dinitrophenol could be stimulated by the addition of ortho- 
phosphate, if the preparations were pretreated with dinitrophenol 
in order to remove endogenous phosphate. Two years later, the 
same effect was demonstrated by Judah (7) with mitochondria 
washed five times with sucrose. Judah obtained some stimula- 
tion also in the case of B-hydroxybutyrate as substrate and con- 
cluded therefore that the requirement for phosphate was not 
entirely due to the substrate level phosphorylation occurring in 
connection with the oxidation of a-ketoglutarate. This phos- 
phorylation, as has been demonstrated by Hunter (8), is not 
uncoupled by dinitrophenol. 
(9) arrived at the same conclusion as Judah, using intact rat 
liver mitochondria and glutamate as substrate. Later, however, 
Borst and Slater (10) abandoned this conclusion, and postulated 
that the phosphate effect previously observed was entirely due 
to the substrate level phosphorylation connected with the oxida- 
tion of a-ketoglutarate. 

The present paper deals with the effect of orthophosphate on 
rat liver mitochondrial respiration supported by various sub- 
strates in the presence of dinitrophenol and other uncouplers. 
The data strongly support the concept that the need for inorganic 
phosphate observed with these systems is due to the a-keto- 
glutarate-linked substrate level phosphorylation. Quantitative 
estimates of this phosphate requirement have been performed 
with phosphate-depleted mitochondria under carefully controlled 
conditions. The results are consistent with the conclusion that, 
because of the a-ketoglutarate-linked substrate level phosphoryl- 
ation, the respiration of uncoupled rat liver mitochondria is 
controlled by the availability of inorganic phosphate to the same 
extent as the respiration of tightly coupled mitochondria is con- 
trolled by adenosine diphosphate. 


* Fellow of the Consiglio Nazionale delle Ricerche. Permanent 


address, Istituto di Patologia Generale, Université di Padova, 
Padova, Italy. 


More recently, Borst and Slater | 


Evidence is also presented that the a-ketoglutarate-linked 
substrate level phosphorylation takes place in the mitochondria 
within a special compartment, yielding adenosine triphosphate 
which does not communicate freely with adenosine triphosphate 
originating from the respiratory chain phosphorylations. A role 
of adenosine 5’-phosphate, succinate, and oxaloacetate in trans- 
ferring phosphate from this adenosine triphosphate to extra- 
mitochondrial adenosine diphosphate is implicated. 


EXPERIMENTAL PROCEDURE 


Rat liver mitochondria were prepared as previously described 

by Ernster and Léw (11) and washed twice with 0.25 m sucrose. 
Respiration was measured by the conventional Warburg method. 
Mitochondria from 0.2 g wet weight of liver were added to vessels 
containing 50 mm KCl, 8 mm MgCl, 25 mm Tris buffer (pH 
7.5), 10 mM substrate, and 50 mM sucrose, in a final volume of 1 
ml. Usually, microvessels of a volume of 5 to 6 ml were used. 
When larger Warburg vessels were used, the final volume of the 
reaction medium was 2 ml. Esterification of phosphate was 
estimated by the isotope distribution method described by Lind- 
berg and Ernster (12). Chromatographic analyses were made, 
when necessary, according to the technique described elsewhere 
(13). 
Pretreatment of mitochondria with dinitrophenol was _per- 
formed as follows. The mitochondrial pellet obtained from the 
first centrifugation at 4100 x g was suspended in cold 0.25 m 
sucrose so that each milliliter contained mitochondria from 0.5 
g wet weight of liver (approximately 10 mg of mitochondrial 
protein). The suspension was supplemented with 0.1 mM dini- 
trophenol (final concentration), and, when indicated in the text, 
with 1mm AMP. The suspension was shaken for 1 to 3 minutes 
in a water bath at 30°, cooled rapidly, diluted to approximately 
125 ml with cold 0.25 m sucrose, and centrifuged at 4100 x g for 
15 minutes. The supernatant fluid was discarded and the mito- 
chondrial pellet washed once with cold 0.25 M sucrose. 

‘“*P32_labeled mitochondria” were prepared according to the 
procedure of Beyer et al. (14). Carrier free H3PQO, (10 me per 
ml), 0.2 ml, was added to the minced liver before homogeniza- 
tion. The homogenate was diluted with 0.25 m sucrose, and 
mitochondria were prepared as above. To investigate the effects 
of various agents in releasing P® from the mitochondria, the 
labeled preparations were suspended in an incubation medium 
containing 50 mm KCl, 30 mm Tris buffer (pH 7.5), 100 mm 
sucrose, and the agent to be tested, and incubated at 30°. The 
P® content of the mitochondria was measured in the course of 
the incubation by the following procedure. Several 1 ml aliquots 
of the suspensions were removed at fixed times from the incuba- 
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tion mixture and rapidly filtered through a layer of Celite, placed 
on a filter paper-coated, perforated, aluminum planchet. The 
planchet was fitted into the neck of a suction flask connected 
with a water pump. The Celite-embedded mitochondria were 
washed twice with 0.25 m sucrose, the planchet was dried, and 
the number of counts measured. 


RESULTS 


P; Requirement for Glutamate Oxidation in Dinitrophenol-un- 
coupled Mitochondria.—Fig. 1 shows the influence of the phos- 
phate concentration on the respiration of rat liver mitochondria 
with glutamate as substrate in the presence of 0.1 mmM dinitro- 
phenol. ‘The initial rate of the respiration was constant at all 
concentrations of phosphate tested. With no phosphate added, 
and up to a concentration of 0.05 mM, this rate was below the 
maximum obtainable, in accordance with previous observations 
of others (7,9, 10). Beyond 15 minutes of incubation, the rate of 
respiration declined when the phosphate concentration was either 
below or above the range of 0.1 to5 mm. The decline was faster 
as the concentration of phosphate deviated further from this 
range. Addition of hexokinase and glucose accelerated the de- 
cline of the rate of respiration at low concentrations of phosphate, 
presumably because of an enhancement of the exhaustion of 
phosphate. The decline of the respiration occurring at higher 
phosphate concentrations was due to a loss of mitochondrial 
DPN (15), as will be elaborated further in a forthcoming paper. 

Dinitrophenol-pretreated analysis of 
freshly prepared rat liver mitochondria for P; gave values rang- 


1mM P; 
90+ 
10mM Pi 
x 
0.05mM 
none 
30} 
10+ 
0 L i i 1 i 
0 5 10 15 > 


minutes 


Fic. 1. Effeet of varying concentrations of inorganic phosphate 
on respiration in the presence of dinitrophenol. Each Warburg 
vessel contained: 50 mm KCl, 25 mm Tris buffer (pH 7.5), 8 mm 
Mg**, 0.0125 mm cytochrome c, 75 mM sucrose, 10 mM glutamate, 
0.1 mM dinitrophenol, and Pj; as indicated in the figure; mito- 
chondria from 200 mg of rat liver. Final volume,1 ml. Tempera- 
ture, 30°. Gas phase, air. In the center well, 0.2 ml of 2m KOH. 
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TABLE 
Effects of dinitrophenol pretreatment on P* content and 
respiration of rat liver mitochondria 
Experimental conditions as in Fig. 1. Rat liver mitochon. 
dria were preincubated with 0.1 mm dinitrophenol for 3 minutes 
in Experiments 1 and 3, and for 2 minutes in Experiment 2, as 
described in ‘‘Experimental Procedure.’’ 


| P32 content Respiration 

= 

= | Stimy- 

| Organic out | | lation 
| 

Normal 23,050 16.9 17.7) 42.8 142 


Dinitrophenol-pretreated 8,370 22.1 3.7) 21.5 480 
| | 
6,130 40.7 9.4) 28.1 199 
1,852 50.4 3.4) 19.6 476 
| | | | 
3. Normal | | 17.2 31.4 8 
Dinitrophenol-pretreated | | .7 23.0. 304 


Normal 
Dinitrophenol-pretreated 


ing between 0.055 and 0.066 umole of P; per g of liver (wet 
weight). To further analyze the above effects, it was considered 
necessary to remove as far as possible all inorganic phosphate 
present in the mitochondria. Teply (6) has shown that cyclopho- 
rase preparations contained a firmly bound fraction of phosphate 
which behaved upon extraction as inorganic  orthophos- 
phate and which could be removed from the particles by pretreat- 
ment with dinitrophenol. Inasmuch as it has been shown that 
dinitrophenol-pretreated mitochondria have largely unchanged 
nucleotide content (measured as E69) (16) and exhibit, after the 
removal of dinitrophenol, a virtually normal phosphorylating 
capacity (17-20), this system was examined further. To assess 
the effect of the dinitrophenol-pretreatment on the endogenous 
phosphate content of the mitochondria, some experiments were 
carried out with mitochondria labeled with P*, according to 
Beyer et al. (14). Table I shows that the number of counts, 
indicative of the mitochondrial content of both inorganic and 
organic phosphate, was about three times lower in the dinitro- 
phenol-pretreated mitochondria than in the controls. It is also 
seen that, parallel to this, the stimulation of the initial rate of 
respiration by phosphate increased from approximately 2.5- to 
5.5-fold. 

Quantitative Estimate of P; Requirement—Because of its low 
content of endogenous phosphate, the dinitrophenol-pretreated 
system offered a possibility to estimate quantitatively the re- 
quirement of phosphate in the dinitrophenol-uncoupled oxidation 
of glutamate. From the Lineweaver and Burk plot shown in 
Fig. 2, it could be deduced that half-saturation was reached at 
about 0.1 mM phosphate. 

P; Requirement with Other Substrates—With the dinitrophenol- 
pretreated mitochondria it was possible to demonstrate a phos- 
phate stimulation of the respiration in the presence of dinitro- 
phenol, not only with glutamate but also with other pyridine 
nucleotide-linked Krebs cycle substrates (Table II). The pre- 
vious failure of Borst and Slater(9,10) to demonstrate such an effect 
with malate or citrate may reside in the procedure for depleting 
the mitochondria of endogenous phosphate. In agreement with 
Borst and Slater (9,10), no phosphate requirement was found with 
succinate or 8-hydroxybutyrate as substrate. 
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Fic. 2. Lineweaver and Burk plot of dependence of respiratory 
rate on P; concentration in presence of dinitrophenol. Experi- 


mental conditions as in Fig. 1. Mitochondria from 200 mg of liver 
pretreated with 0.1 mM dinitrophenol for 2 minutes. 


TABLE II 
Effect of added P; on respiration with different substrates 


Experimental conditions as in Fig. 1. Mitrochondria from 200 
mg of liver, pretreated with 0.1 mm dinitrophenol + 1 mm AMP 


for 1 minute as described in ‘‘Experimental Procedure.’’ Pj, 1 
mm added when indicated. 
| Respiration 
Addition 5-20 min. 20-50 min 
Without Pi With P; Without P, With P; 
pl Oz ul Or 
Pyruvate + malate.......... 30.1 41.8 56.8 | 103.0 
11.8 25.3 41.5 83.9 
a-Ketoglutarate............. 14.4 40.0 26.1 93.6 
19.4 28.0 48.5 75.6 
8-Hydroxybutyrate.......... 17.1 18.0 22.1 19.9 


The absence of a phosphate requirement for uncoupled respira- 
tion with @-hydroxybutyrate could further be ascertained by 
use of mitochondria preincubated with dinitrophenol plus AMP. 
This treatment was able to remove, as shown in Table III, up 
to 90% of the mitochondrial phosphate within 15 minutes. 
When these mitochondria were washed free of the preincubation 
mixture and incubated with 6-hydroxybutyrate as substrate in 
the presence of dinitrophenol, a constant, maximal rate of respira- 
tion was obtained which could not be increased by the addition 
of phosphate. When the preincubation was prolonged to remove 


also the remaining amount of phosphate, @-hydroxybutyrate was 
no longer oxidized at a maximal rate even when phosphate was 
added, probably because of deterioration of the mitochondria. 
These findings, which were at variance with the earlier results of 
Judah (7) obtained with sucrose-washed mitochondria, strongly 
indicated that the phosphate dependence of the dinitrophenol-un- 
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coupled mitochondrial respiration was due to the a-ketoglu- 
tarate-linked substrate level phosphorylation. 

The fact that the oxidation of succinate, in contrast to other 
Krebs cycle metabolites and glutamate, showed no requirement 
for added phosphate may be explained by assuming that a major 
part of the oxygen consumption with this substrate is due to the 
one-step oxidation of succinate to fumarate (cf. 21). Further- 
more, as will be shown later (Table V and VII) succinate facili- 
tates the removal of phosphate from mitochondrial ATP (cf. also 
“Discussion” and (22, 23)). 

Abolishment of P; Requirement by Arsenate—Further evidence 
that the a-ketoglutarate-linked substrate level phosphorylation 
was responsible for the phosphate effect described above is given 
by the data in Table IV. It is shown in this table that 0.1 mm 
arsenate, an agent which is known to uncouple the substrate level 


TABLE III 


Lack of effect of dinitrophenol pretreatment on mitochondrial 
respiration with B-hydroxybutyrate, in 
presence of dinitrophenol 
Experimental conditions as in Fig. 1. Mitochondria from 300 
mg of liver, pretreated as indicated above. Time of incubation, 
30 minutes. Pj, 1 mm added when indicated. 


Respiration 
Experi- tion of | P8 in 
| Pretreatment Withou t| With 
| ment 
| ul Os 
1 None | 5 | 20,510 | 58.8 | 57.8 
Dinitrophenol | § 7,383 | 53.2 | 49.5 
Dinitrophenol —=«+10 6,909 | 54.0 | 53.8 
Dinitrophenol 15 4,471 | 51.5 | 55.0 
Dinitrophenol + AMP 5 6,202 | 54.8 | 55.8 
Dinitrophenol + AMP 10 4,382 | 53.4 53.2 
Dinitrophenol + AMP 15 2,850 48.1 54.0 
2 None 47,463 | 51.2 | 46.3 
Dinitrophenol + AMP 15 5,698 | 23.4 25.5 
Dinitrophenol + AMP 30 3,131 | 15.0 9.9 
Dinitrophenol + AMP 45 1,684 | 1.4) 1.2 


TaBLe IV 
Effect of arsenate on respiration in presence 
of dinitrophenol or Dicumarol 
Experimental conditions as in Fig. 1. Mitochondria from 200 
mg of liver, pretreated with 0.1 mm™ dinitrophenol for 3 minutes. 
Time of incubation, 40 minutes. 


Respiration 
— tion |With 0.1 With 0.05 
dinitrophe- | mm Dicu- 
nol | marol 
mM pl O2/40 min 
1 89.2 70.8 
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TABLE V 


Incorporation of P*-orthophosphate into organic P 
during respiration with different substrates 
in presence of dinitrophenol 
Experimental conditions as in Fig. 1. Mitochondria from 200 
mg of liver, pretreated with 0.1 mm dinitrophenol + 1mm AMP 
for 1 minute. Concentration of P®? orthophosphate was 0.05 mm 
in Experiment 1 and 0.02 mm in Experiment 2 (specific activity, 
about 0.33 me per umole of P;). Time of incubation, 30 minutes. 


Added P22 recovered as organic P 


Substrate 
Experiment 1 | Experiment 2 

% 
Pyruvate + malate................... [awe 
| 8.3 10.5 


* The figures refer to the percentage of P%? found in organic 
form after 30 minutes of respiration. 


32P esterified, 75% 
130 


O!mMP; 32 
Pesterifieéd 93% 


= 325 esterified 90% 


0.01mM P; 


no P; added 


l 
6 3 15 25 35 45 
minutes 


Fic. 3. Decline of respiration and esterification of added P*. 
Experimental conditions as in Fig. 1. Mitochondria from 200 mg 
of liver. P*%?-orthophosphate was added in concentrations indi- 
cated in the figure. 


phosphorylation (24), was able to replace phosphate in inducing 
a maximal rate of respiration with glutamate in the presence of 
dinitrophenol. Table IV also shows that the effect was the same 
when Dicumarol rather than dinitrophenol was used as the un- 
coupling agent. 

Incorporation of P;* into Mitochondrial ATP during Oxidation 
of Various Substrates in Presence of Dinitrophenol—The finding 
that the respiration with various substrates in the presence of 
dinitrophenol declined during incubation when no or suboptimal 
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concentration of phosphate was added to the mitochondria (ef. 
Fig. 1) indicated that a progressive esterification of P; was taking 
place with an eventual exhaustion of all P; present in the system, 
By following the fate of a trace amount of added P;®, it found, 
in fact, that an extensive incorporation of the added P;*? oe. 
curred, notwithstanding the presence of dinitrophenol, with al] 
those substrates the rate of oxidation of which was previously 
found to be influenced by added P; (Table V). Only little in. 
corporation was found with succinate and almost none with 
B-hydroxybutyrate. Chromatographic assay revealed that over 
95° of the incorporated P* was in the form of ATP. 

As shown in Fig. 3, the decline of respiration with glutamate 
as substrate in the presence of varying concentrations of P* 
could be correlated with the extent of esterification of the P* 
Thus, with 0.01 and 0.03 mm P;* added, 90% or more of the P, 
was esterified when the respiratory rate had dropped to about 
20% of its initial level. With 0.1 mm P;® added, at which con- 
centration no decline of the respiration took place, the extent of 
incorporation of P;*? remained at 75%. From this and similar 
experiments, it could be calculated that the maximal amount of 
ATP that could be accumulated in the mitochondria due to sub- 
strate level phosphorylation was about 0.3 umole per g of liver, 
which corresponds roughly to three-fourths of the total adenine 
nucleotide content of the mitochondria (25). 

Of great interest in this connection was to observe that, when- 
ever P; was added in sufficient amount (>0.1 wmole/200 mg of 
normal, nonpretreated mitochondria) so as to exceed the mavi- 
mal amount of ATP that could be formed, no respiratory decline 
occurred upon prolonged incubation, even when the ATP was 
maintained at maximal level. This seemed to indicate that, 
under these conditions, ATP was broken down at an adequate 
rate to keep pace with the rate of phosphorylation taking place 
during the respiration. When, on the other hand, insufficient 
P; was added in relation to the maximal amount of ATP, all P; 
gradually became incorporated into ATP, and, parallel to this, 
the respiration declined. Thus, at this stage, the system ap- 
peared no longer capable of regenerating P; from ATP at an 
adequate rate to maintain maximal respiration. It appeared, in 
other words, that parallel to the decline in respiration the system 
also lost its capacity to dephosphorylate ATP. Experimental 
support for this conclusion is found in Fig. 4, where the time 
course of incorporation of a limiting amount of added P;* is 
plotted parallel with the time course of respiration. It is seen 
that, despite the declining rate of respiration, the extent of net 
incorporation of P®? was increasing with time. Inasmuch as the 
rate of generation of ATP is expected to decrease with decreasing 
rate of respiration, the net amount of esterified P® should have 
diminished, if the rate of breakdown of ATP was constant. This 
was clearly not the case; on the contrary, the net incorporation 
of P* continued to increase. It can also be deduced from Fig. 4 
that the initial rate of breakdown of ATP must be quite fast 
compared with the rate of net incorporation if P%, as indicated 
by the fact that only about 50% of the P® from 0.02 ymole of 
added P; was incorporated when about 3 watoms of oxygen had 
been consumed. 


Up to this point, it was tacitly assumed that the dinitrophendol- _ 
induced ATPase was primarily responsible for the breakdown of | 
ATP. However, the finding that the rate of breakdown of ATP | 
was decreasing parallel to the decline of the respiratory rate ; 


seemed difficult to be reconciled with this assumption. The 


possibility that the dinitrophenol-induced ATPase reaction might | 
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be limited by the concentration of ATP appeared unlikely be- 
cause, in that case, the rate of breakdown of ATP should have 
increased rather than decreased with the increasing net esterifica- 
tion of P;. Therefore, the alternative explanation was con- 
sidered that the ATP generated by the a-ketoglutarate-linked 


O, uptake 
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p> esterified 430 


p32 esterified 


6 
4 420 
2 +10 
0 5 10 15.20 25 30 
minutes 


Fic. 4. Time course of the incorporation of trace amounts of 
P-orthophosphate into mitochondrial ATP. Experimental con- 
ditions as in Fig. 1. Mitochondria from 200 mg of liver; the con- 
centration of P*? was 0.02 The esterification of P*? was meas- 
ured in an open tube, incubated simultaneously with the Warburg 
vessel, and from which samples were taken at the times indicated 
in the figure. 
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| 
Olyt 


0-5 -4 -3 -2 
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Fic. 5. Effect of varying AMP concentrations on respiration. 
Experimental conditions as in Fig. 1. Mitochondria from 200 mg 
of liver. The curves show results obtained with two different 


mitochondrial preparations. 
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Fic. 6. Effect of dinitrophenol pretreatment on the stimulation 
of the respiration by AMP. Experimental conditions as in Fig. 1. 
Mitochondria from 200 mg of liver, pretreated for 2 minutes with 
0.1 mm dinitrophenol. 


substrate level phosphorylation might not be readily accessible 
to the action of the dinitrophenol-induced ATPase, and that an 
accessory mechanism may be involved, with the function of 
transferring phosphate from this ATP to ADP situated at the 
site accessible to the dinitrophenol-induced ATPase reaction. 
Furthermore, inasmuch as the capacity of this accessory mecha- 
nism should decline parallel to the decline of the respiration, it 
was visualized that it may be dependent on a metabolite, or 
metabolites, formed during respiration. Experimental evidence 
in support of these concepts is presented below. 

Effect of AMP on Respiration and P,* Incorporation—The 
respiratory rate with glutamate as substrate in the presence of 
dinitrophenol and in the absence of added phosphate could be 
increased by the addition of AMP, as shown in Fig. 5. The 
optimal AMP concentration to give this effect was about 1 mm. 
The AMP effect was probably due to a cleaving of mitochondrial 
ATP, via the adenylate kinase reaction, thus transferring ATP 
from one mitochondrial compartment to another, and thereby 
rendering it more accessible to hydrolytic breakdown (cf. ‘Dis- 
cussion’). In agreement with this explanation, the effect of 
AMP could be abolished either if the mitochondria were pre- 
treated with dinitrophenol and thus depleted of endogenous phos- 
phate (Fig. 6), or if hexokinase and glucose were added together 
with AMP, whereby the hydrolysis of ATP was counteracted 
(Fig. 7). 

Also in agreement with the above conclusion are the data of 
Table VI which show the effect of varying concentrations of AMP 
on the uptake of added P;*. The results with no added AMP 
were essentially identical with those earlier shown in Fig. 3, 0.1 
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Fic. 7. Effect of hexokinase and glucose on the stimulation of 
the respiration by AMP. Experimental conditions as in Fig. 1. 
Mitochondria from 200 mg of liver. 


TABLE VI 
Effect of AMP on esterification of low concentrations of 
P= during respiration in presence of dinitrophenol ~- 
Experimental conditions as in Fig. 1. Concentrations of P;*2 
and AMP as indicated below (specific activity, about 0.33 me 
per umole of Pj). 


NoAMP | 0.01mw AMP | 0.1. mw AMP | 1 ma AMP 
p” | 
i O 32 in p32 in ps2 in O 
organic) organic lorgante | [organi 
| | 
0.01 81.5 95.4 76.7 | 94.0 102.0 | 92.5 126.5 | 19.2 
0.03 104.5 90.8 (104.0 95.1 | 114.2 | 93.0 131.5 | 21.1 
O.1 | 123.5 80.4 123.5 | 77.1 | 128.0 | 59.4 | 123.0 19.7 
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mM phosphate giving a virtually maximal respiration and about 
80% incorporation of the added P® after 30 minutes of incuba- 
tion. With lower concentrations of phosphate, the respiration 
was submaximal, and the incorporation of P® was above 90%. 
With 0.01 and 0.1 mm AMP, the pattern was essentially the 
same. On the other hand, with 1 mm AMP, the incorporation 
of P® was diminished to a level of about 20%. 

Release of Mitochondrial Endogenous Phosphate by Dinitro- 
phenol and Various Metabolites—In order to investigate the effect 
of individual metabolites on the breakdown of mitochondrial 
ATP, a series of experiments was carried out with P*-labeled 
mitochondria testing the effect of various substrates in enhanc- 
ing the dinitrophenol-induced release of P® from the mitochon- 
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dria. In these mitochondria, as shown by Beyer et al. (14), the 
bulk of the P*® is present in the form of ATP and “inorganic 
phosphate,” the latter probably being identical with the “gel 
phosphate”’ of Green et al. (26). The present experiments dif- 
fered technically from those described previously (Table I) ‘in 
that the dinitrophenol was not added to the unwashed mito- 
chondrial pellet, but to the twice-washed mitochondria, which 
were suspended in a sucrose-KCI-Tris medium (see ‘‘Experi- 
mental Procedure”). This was important in order to avoid the 
presence of metabolites originating from the supernatant which 
may influence the phosphate-releasing effect of dinitrophenol 
(see below). Furthermore, the reisolation of the mitochondria 
after incubation was carried out by rapid filtration (see ‘‘E:xperi- 
mental Procedure’’), rather than by recentrifugation, in order to 
allow accurate timing. The filter plates were counted for P® 
directly; no differential analysis was routinely made of “‘inor- 
ganic”? and organic intramitochondrial phosphate. However, 
from occasional checks, it seemed that the released P*, under 
all the conditions examined below, was distributed at random 
between the inorganic and organic phosphate fractions (cf. eg. 
Table I). 

Incubation of these washed mitochondria with dinitrophenol 
resulted in a release of only about one-third of the endogenous 
P® (Table VII); this was in contrast to the nonwashed system 
(cf. Table I) in which the release was about two-thirds. The 
dinitrophenol effect was rapid initially but leveled off already 


TaBLe VII 

Effect of various agents in releasing P** from labeled mitochondria 

Concentrations of the reagents in the incubation mixture were 
as follows: 50 mm KCl, 30 mo Tris buffer (pH 7.5), 125 mM sucrose, 
and, when indicated, 0.1 mm dinitrophenol, 3 mM succinate, 3 
mM oxaloacetate, 3 mm glutamate, 3 mm 8-hydroxybutyrate, 1 
mM AMP; 10 mm MgCl: was also added in Experiment 2. Final 
volume, 5 ml in Experiment 1, and 3 ml in Experiment 2. ‘“P®- 
labeled mitochondria’’ from 500 mg of liver. At the indicated 
time, 1 ml of the incubation mixture was filtered through a Celite 


layer as explained in ‘‘Experimental Procedure.’’ ‘Tempera- 
ture, 30°. 
| Counts per sec 
Additions 
0 min | 4 min | 3 min 7 min 
Experiment 1 | | 
428 396 | 428 430 
| 204 | 179 | 17 
Dinitrophenol, succinate........... 335 | 232 | 170 
Dinitrophenol, AMP............... 233 | 133 | 115 
2min | 5 min | 
Experiment 2 | | 
Dinitrophenol..................... 251 | 239 
Dinitrophenol, succinate........... 133 | 131 
Dinitrophenol, oxaloacetate........ 169 | 134 
Dinitrophenol, glutamate.......... 278 | 212 
Dinitrophenol, 6-hydroxybutyrate. . 223 | 224 


1506 
90 
80 
70 
N 
40 
30 
| 


No. 5 


4), the 
rganic 
e “gel 
its dif- 
in 
mito- 
which 
UXperi- 
vid the 
which 
phenol 
ondria 
UXperi- 
‘der to 
for 
“inor- 
wever, 
under 
undom 


ch. eg. 


phenol 
svstem 
The 
lready 


ondria 
e were 
icrose, 
ate, 3 
rate, 1 

Final 

icated 
Celite 
npera- 


7 min 


May 1961 


after 3 minute of incubation. AMP, added in a concentration 
of 1 mM, brought about a marked release of P®, to an extent of 
about 60%, and this effect was nearly additive to that of dinitro- 
phenol. These data indicated thus that a major fraction of the 
endogenous ATP of isolated liver mitochondria behaved like 
ATP originating from substrate level phosphorylation, in that it 
was not readily available to the dinitrophenol-induced ATPase, 
but could be promptly dephosphorylated by external AMP. 
Support for this conclusion is also given by the finding, reported 
in another paper (27) that arsenate, which is known to uncouple 
the substrate level phosphorylation, causes a depletion of P® 
from the mitochondria to an extent equal to, or even exceeding, 
the extent of release produced by dinitrophenol plus AMP. 

It was found previously (Fig. 3) that the respiratory decline 
occurring in the presence of limiting concentrations of Pi was 
parallelled by a decrease of the capacity of the system to de- 
phosphorylate ATP generated in the a-ketoglutarate-linked sub- 
strate level phosphorylation. It was suggested, therefore, that 
the breakdown of this ATP by way of the dinitrophenol-induced 
ATPase may require the intervention of some metabolite(s) 
formed during respiration. A further indication that this may 
be the case was obtained with P®-labeled mitochondria by test- 
ing the effect of various Krebs cycle metabolites in enhancing 
the release of P® by dinitrophenol. As shown in Table VII, such 
an enhancement could be observed with succinate or oxaloace- 
tate. The two compounds exerted a partial releasing effect also 
in the absence of dinitrophenol. No similar effect ensued with 
glutamate or B-hydroxybutyrate, indicating that the enhance- 
ment of the P® release was not related in an unspecific manner 
to the presence of an oxidizable substrate. The possibility that 
the succinate effect was merely due to the formation of oxalo- 
acetate could be excluded by showing that the addition of 
Amytal, which prevents the formation of oxaloacetate, did not re- 
move the releasing effect of succinate. 


DISCUSSION 


Question of P; Requirement for Uncoupled Terminal Electron 
Transport—The primary purpose of the present work was to 
elucidate whether the terminal electron transport of mitochon- 
dria, as operating in the presence of dinitrophenol or other un- 
couplers of electron transport-coupled phosphorylation, was 
controlled by the availability of inorganic phosphate. This 
problem arose from repeated observations in the literature that 
the rate of oxygen uptake of dinitrophenol-supplemented mito- 
chondria in the presence of various substrates could be influenced 
by the concentration of P; in the incubating medium. Our re- 
sults seem to show in a convincing manner that this effect of 
phosphate is exclusively due to the a-ketoglutarate-linked sub- 
strate level phosphorylation, which is not uncoupled by dinitro- 
phenol and related agents. This conclusion, which is in agree- 
‘ment with the recent position taken in this matter by Borst and 
Slater (10), is based on three lines of evidence; (a) the lack of 
requirement for P; in respiration with 6-hydroxybutyrate as 
substrate; (b) the ability of arsenate, a known uncoupler of the 
substrate level phosphorylation, to replace phosphate in inducing 
maximal rate of respiration with those substrates with which a 
requirement for phosphate was observed; and (c) the demonstra- 
rtion that the decline of the respiratory rate, occurring in the 
presence of limiting concentrations of P; in the uncoupled mito- 
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chondria, was accompanied by an incorporation of the P; into 
ATP. 

The lack of phosphate requirement for uncoupled terminal 
electron transport is in accordance with the generally held view, 
based primarily on the PO,'-H,O exchange data of Boyer et al. 
(28) and of Cohn and Drysdale (29), that dinitrophenol and re- 
lated agents act above the level of the primary high energy 
phosphate bond(s). Because most current theories of electron 
transport-coupled phosphorylation do recognize this mode of ac- 
tion of dinitrophenol, either visualizing P; to enter at the respir- 
atory chain level (19, 30, 31) or predicting the occurrence of a pre- 
formed high energy intermediate before the entrance of P; (32- 
36), the question of which of the two types of theories is correct 
cannot be decided on the present basis. Using chlorpromazine 
as an experimental tool, Dawkins et al. (37) recently concluded 
that dinitrophenol must act after the entrance of phosphate. 
The conclusion was based on the finding that chlorpromazine 
inhibited both respiration and P;-ATP exchange and that the 
respiratory inhibition was not abolished by dinitrophenol. How- 
ever, this conclusion is difficult to reconcile with the PO 8-H.O 
exchange data referred to above. 

Respiratory Control by P; at Substrate Level—The present data 
clearly indicate that inorganic phosphate is able to exert a respir- 
atory control at the level of the a-ketoglutaric dehydrogenase 
which is comparable in efficiency to that exerted by ADP at the 
level of the respiratory chain. The estimated apparent 
Michaelis constant for P; in the a-ketoglutarate-linked phos- 
phorylation, 0.1 mm, is of the same order of magnitude as that 
found by Chance (38) (0.056 mm) and by Slater (39) (0.07 m) 
for ADP in respiratory chain phosphorylations, and about 10 
times lower than that obtained by Chance (38) (1 mm) for P; 
in respiratory chain phosphorylations. It would thus seem to 
follow that, whereas the terminal electron transport chain is con- 
trolled much more efficiently by ADP than by Pj, these controls 
are equally efficient when the entire respiratory system, includ- 
ing the substrate level oxidations of the Krebs cycle as well, is 
considered. This conclusion may have some relevance to current 
discussions about the mechanism of the Pasteur effect (for recent 
reviews, see reference (40)). 

Compartmentation of a-Ketoglutarate-linked Substrate Level 
Phosphorylation—Of special importance may be the concept 
emerging from the present data that, in the mitochondria, the 
a-ketoglutarate-linked substrate level phosphorylation operates 
with compartmentalized ADP as phosphate acceptor, yielding 
ATP which does not freely communicate with the ATP originat- 
ing from respiratory chain phosphorylation. Experimental sup- 
port for this concept was given by the finding that (a) added P; 
was incorporated into mitochondrial ATP, leading to an exhaus- 
tion of all P; from the medium during respiration with various 
Krebs cycle metabolites in the presence of dinitrophenol; and 
(6) the ATP so accumulated was not cleaved directly by the 
dinitrophenol-induced ATPase, but could be rendered readily 
available to this reaction by the addition of AMP. Evidence 
was also presented that a considerable portion of the adenine 
nucleotide content of isolated liver mitochondria is situated in 
the compartment where the a-ketoglutarate-linked substrate 
level phosphorylation takes place. The present concept may 
therefore offer a fairly reasonable explanation for the reported 
lack of ability of intramitochondrial ADP to function as phos- 
phate acceptor in respiratory chain phosphorylations (41). It 
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may also explain some of the turnover data reported by Siekevitz 
and Potter (25) and by Crane and Lipmann (42) for intramito- 
chondrial ATP. 

The compartmentation of the a-ketoglutarate-linked substrate 
level phosphorylation raises the question as to the mechanisms 
responsible for the transfer of phosphate from the ATP originat- 
ing from this phosphorylation to external ADP, thereby regen- 
erating the compartmentalized ADP. The data suggest that 
one such mechanism may operate through external AMP, 
presumably by way of a double adenylate kinase reaction of the 
type previously implicated in intramitochondrial phosphate 
transfer by Siekevitz and Potter (25). The operation of such a 
mechanism would also account for an earlier observation made 
in this laboratory concerning an accessory role of AMP as phos- 
phate acceptor in mitochondrial aerobic phosphorylation (43). 

Another mechanism which may be involved in the transfer of 
high energy phosphate from the compartment of the substrate 
level phosphorylation to external ADP may be the oxaloacetic 
carboyxlase-pyruvic kinase system. Bandurski and Lipmann 
(44) have pointed out that the oxaloacetic carboxylase reaction 
may constitute an efficient trapping system for high energy 
phosphate originating from the a-ketoglutarate-linked substrate 
level phosphorylation. More reéently, Sanadi et al. (45) empha- 
sized this possibility referring to the fact that both the a-keto- 
glutarate-linked phosphorylation and the oxaloacetic carboxylase 
reaction involve GTP or ITP. A possible involvement of this 
mechanism in the present system was indicated by the finding 
that the breakdown of the mitochondrial ATP formed in sub- 
strate level phosphorylation was dependent on the production of 
a metabolite by way of substrate oxidation. It was also shown 
that added oxaloacetate enhanced the release of P® from labeled 
mitochondria in the presence of dinitrophenol. Further evi- 
dence along this line will be presented in a succeeding paper (27) 
by demonstrating that the oxaloacetic carboxylase may facilitate 
the depletion of mitochondrial high energy phosphate by arsenate. 

The present findings that succinate enhanced the dinitro- 
phenol-induced release of P® from labeled mitochondria, and 
that this effect was not abolished by Amytal, indicates that also 
a further mechanism, involving succinate directly, may be 
operating in transferring high energy phosphate from the site of 
the a-ketoglutarate-linked substrate level phosphorylation. 
Evidence was recently reported from this laboratory (22) that 
supports the concept that oxidation of succinate by way of the 
respiratory chain of intact mitochondria requires the intervention 
of ATP. It was suggested (23) that the ATP invested in this 
activation reaction is regenerated in a reaction identical with, or 
closely related to, the reaction by which ATP is formed in the 
course of the first respiratory chain phosphorylation. Since, 
during the operation of the Krebs cycle, the generation of ATP 
by way of the a-ketoglutarate-linked substrate level phosphoryl- 
ation and the formation of succinate ought to be closely con- 
nected in time and space, it is conceivable that the activation of 
succinate oxidation by ATP represents a natural pathway for 
the transfer of high energy phosphate from the mitochondrial 
substrate level phosphorylation compartment to external ADP. 
A further elaboration of this point follows in another paper (46). 


SUMMARY 


Rat liver mitochondria incubated in the presence of pyruvate, 
citrate, a-ketoglutarate, fumarate, or glutamate, and an un- 
coupling concentration of 2,4-dinitrophenol or Dicumarol, show 
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a requirement for inorganic orthophosphate in order to exhibit 
maximal respiratory rate. No phosphate requirement is found 
with 6-hydroxybutyrate or succinate as substrate. Addition of 
arsenate abolishes the phosphate requirement. 

In the presence of trace concentrations of added P* orthophos- 
phate, the respiration taking place with the inorganic orthophos- 
phate-requiring substrates in the presence of dinitrophenol de- 
clines with time, and, parallel to this, the added P* appears as 
intramitochondrial adenosine triphosphate. Evidence is given 
that simultaneously with the decline of the respiration, the 
capacity of the system to hydrolyze intramitochondrial adenosine 
triphosphate also diminishes. Added adenosine 5’-phosphate is 
able to lower the net incorporation of inorganic orthophosphate- 
P® into adenosine triphosphate and to maintain a constant maxi- 
mal rate of respiration. 

Incubation of P-labeled mitochondria (mitochondria with 
P-labeled endogenous adenosine triphosphate and inorganic 
orthophosphate) with dinitrophenol under appropriate conditions 
releases only about one-third of the P®. The extent of this re- 
lease is considerably increased by adenosine 5’-phosphate, succi- 
nate or oxaloacetate, but not by glutamate or 6-hydroxybuty- 
rate. The effect of succinate was not abolished by Amytal. 

It is concluded that the requirement for inorganic orthophos- 
phate observed in mitochondrial respiration with certain sub- 
strates in the presence of dinitrophenol is to be attributed to the 
phosphorylation coupled to the substrate level oxidation of 
a-ketoglutarate, and that this oxidation is controlled by the 
availability of inorganic orthophosphate to the same extent as 
the availability of adenosine diphosphate controls terminal elec- 
tron transport. The concept is developed that, in mitochon- 
dria, the a-ketoglutarate-linked substrate level phosphorylation 
is compartmentalized in relation to the respiratory chain phos- 
phorylations and gives rise to adenosine triphosphate which does 
not freely communicate with the adenosine triphosphate origi- 
nating from these phosphorylations. Various alternative mech- 
anisms including adenylate kinase, oxaloacetic carboxylase, and 
activation of succinate oxidation, which may be involved in the 
transfer of phosphate from this adenosine triphosphate to ex- 
ternal adenosine diphosphate, are discussed. 
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In recent vears, several indications have been brought forward 
suggesting a compartmentation of inorganic phosphate and of 
adenine nucleotides within both the intact cell (1-3) and the 
isolated mitochondrion (4-6). Inasmuch as in mitochondria, 
oxidative phosphorylation can take place at least at four different 
sites of the electron transport svstem, one at the substrate level 
and three along the respiratory chain, it is conceivable that mito- 
chondrial phosphate and adenine nucleotides may be compart- 
mentalized according to the sites of the individual phosphory!]- 
ations. Some evidence for such reasoning was presented in 
a previous paper (7) in which it was shown that mitochondrial 
adenosine triphosphate generated by the a-ketoglutarate-linked 
substrate level phosphorylation was not readily available to the 
2,4-dinitrophenol-induced — adenosinetriphosphatase reaction. 
Arsenate is an uncoupler of this phosphorylation (8), and thus 
it was believed that it might be a suitable tool for further eluci- 
dating this phenomenon. 

Another impetus for the use of arsenate for a study of this 
problem came from the finding of Crane and Lipmann (9) in 
1953, that arsenate induces a general uncoupling of the aerobic 
phosphorylation supported by the oxidation of glutamate in 
mitochondrial preparations from rat liver. This effect was char- 
acterized by a gradual increase in extent with the duration of the 
incubation. On the other hand, recent studies by Azzone et al. 
(10) with pigeon breast muscle mitochondria revealed the occur- 
rence of an arsenate-stimulated adenosinetriphosphatase in these 
preparations which was accompanied by only a_ partial un- 
coupling of oxidative phosphorylation. Since the latent mito- 
chondrial adenosinetriphosphatase has previously been postu- 
lated (11, 12) to reflect mainly the phosphorylation occurring in 
the diphosphopyridine nucleotide-flavin region of the respiratory 
chain, the findings above (9, 10) suggested that the site of this 
phosphorylation might be more readily accessible to arsenate 
than the two terminal sites. 

The present paper concerns an investigation of the effect of 
arsenate on rat liver mitochondrial phosphorylations with the 
adenosinetriphosphatase and inorganic orthophosphate-adeno- 
sine triphosphate exchange reactions, the stability of endogenous 
mitochondrial phosphate, and the phosphorylative efficiency in 
the presence of different substrates as parameters. It is dem- 
onstrated that arsenate instantaneously elicits an adenosine- 
triphosphatase and inhibits the inorganic orthophosphateadeno- 
sine triphosphate exchange, effects clearly precedent to the 
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general uncoupling of aerobic phosphorylation. It is also shown 
that arsenate induces a depletion of mitochondrial endogenous, 
inorganic, and high energy phosphate, and that this action is 
strongly prevented by Amytal. The data presented are dis- 
cussed in relation to the hypothesis that the diphosphopyridine 
nucleotide-flavin region phosphorylation is the one most super- 
ficially located in the mitochondrial structure and may be specifi- 
cally involved in an active transport of arsenate into the mito- 
chondrion. Furthermore, it is suggested that the two terminal 
respiratory chain phosphorylations and the a-ketoglutarate sub- 
strate level phosphorylation are located in the internal mitochon- 
drial structure, and probably in different compartments. A 
brief account of this work has been presented (13). 


EXPERIMENTAL PROCEDURE 


Rat liver mitochondria were prepared as previously described 
(14). Mitochondria labeled with P* were prepared according to 
the technique of Beyer et al. (15) by adding 0.2 ml of carrier-free 
H3P”0O, (10 me per ml) to the minced liver before homogeniza- 
tion. The homogenate was then diluted with 0.25 m sucrose, 
and fractionated as described by Ernster and Low (14). 

The ATPase activity was measured (16) in a medium of the 
following composition in a final volume of 2 ml: 50 mm KCl, 25 
mM Tris buffer (pH 7.5),5 mm ATP. The reaction was started 
by the addition of 0.5 ml of mitochondrial suspension (100 mg of 
liver, wet weight) in 0.25 M sucrose and the tubes incubated for 
20 minutes at 30° with gentle shaking. The reaction was 
stopped by the addition of 1 ml of 1 m perchloric acid, and P; 
was analyzed according to the modified Martin and Doty method 
(17). 

P,-ATP exchange was measured under the conditions used by 
Wadkins and Lehninger (18), and by Léw et al. (11). In the 
first case, the composition of the medium, in a final volume of 2 
ml, was the following: 50 mm KCl, 25 mm Tris buffer (pH 7.5), 
5 mm ATP, 0.1 mm P;**; the tubes were thermoequilibrated 
at 30° and the reaction started by the addition of 0.5 ml of mito- 
chondrial suspension in 0.25 Mm sucrose (100 mg of liver, wet 
weight). After 3 minutes of incubation, with gentle shaking, 
the reaction was stopped by the addition of 0.2 ml of 5 m sulfuric 
acid. In the second case, the concentrations of ATP and of 
P;* were both 10 mm and 200 mg of liver mitochondria were 
added to each tube. The distribution of P® between P; and_ 
ATP was determined according to Lindberg and Ernster (17). 
In the ATPase and P;-ATP exchange experiments, substrates 
and inhibitors were added when indicated in the following con- 
centrations: 10 mM succinate, 5 mm glutamate, 5 mm 8-hydroxy- 
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butyrate, 1 to 2 wg per ml of antimycin A, 2 mm Amytal, 2 RESULTS 
aap BON. ee As shown in Fig. 1, addition of 3 mM arsenate to rat liver mito- 
Conditions for oxidative phosphorylation were as follows: 50 an ATPase active which wes ith 
ma KCl, 25 ma Tris buffer (pH 7.5), 8 ma MgCl, 20 mm sub- 
4 time and proportional to the amount of mitochondria used. The 
strate, 10 to 20 mm P;* (pH 7.5), 50 mm sucrose, 1 mm ATP ; ‘ ee 
é 4 ~~~? dependence of this ATPase activity on the concentration of 
| 25 mm glucose, and 0.75 mg of hexokinase (Type IV, Sigma arsenate is shown in Fig. 2. Maximal activitv was reached at 
Chemical Company), mitochondria from 200 mg of rat liver (wet 
| weight) were added to each Warburg flask in a final volume of 
9 ml. Temperature was 30°. The vessels were thermoequili- TABLE I ee 
brated for 5 minutes, and the oxygen consumption was corrected Abolishment of substrate ¢ ffect on arsenate-induced 
by extrapolation for the time of thermoequilibration. The reac- A oe by sia. i — inhibitors 
) tion was stopped by the addition of 0.2 ml of 5 sulfuric acid, and Experimental conditions as in Figs. 1 and 2. Glutamate, 5 
| the P; uptake was measured according to the isotope distribution re imycin A, 1 wg; Amytal, 2 mm. Mitochondria from 50 
method described by Lindberg and Ernster (17). 
own Additions P; liberated 
OUS, 
n is umoles 
Arsenate + suceinate........................ 0.10 
a Arsenate + succinate + antimycin A........ 1.80 
Arsenate + 0.25 
uto- Arsenate + glutamate + Amytal........... 2.04 
inal 
sub- 
hon- = TABLE II 
A Reincorporation of P; by way of aerobic phosphorylation 
during arsenate-induced ATPase activity 
Experimental conditions as in Figs. 1 and 2. Mitochondria 
0 from 100 mg of liver. For explanation, see the text. 
ibed 2 | 
gto 0 . 6 8 10 Before addition of succinate | After addition of succinate 
free minutes Sample No. 
Fic. 1. Arsenate-induced ATPase activity of rat liver mito- _ Time of _Time of 
| chondria. Each tube contained: 50 mm KCl, 25 mm Tris buffer incubation “incubation 
ose, (pH 7.5), 5 mm ATP, 3 mM arsenate, and 62 mM sucrose, in a final | | 
volume of 2ml. Mitochondria from 150 mg (@——@) and 75 mg min pmotes min | moles 
the (O——O); respectively, of rat liver (wet weight). Temperature, 1 5 0.94 15 | 0.25 
25 30°. 2 10 10 | 0.32 
rted 3 20 | 4.02 | 5 | 1.84 
of | 
| for 5.0 a 
was TaB_e III 
1P, none Effect of Mg** and oligomycin A on 
hod 40+ arsenate-induced ATPase activity 
Experimental conditions as in Figs. 1 and 2; 0.1 mm dinitro- 
1 by phenol, 0.5 ug of oligomycin A. Mitochondria from 100 mg of 
the | liver. 
of P; liberated 
7.5), BOH Additions 
ated = 2.0F | Without | With 3 mu 
| | 
wet | pmoles 
and cone Mg*", 8 mM... 0.47 | 2.87 
17) g A, 0.5 ug 0.41 
pe Fig. 2. Effects of arsenate concentration and addition of sub- Mg**, 2 mM, + oligomycin A, 0.5ug...... 0.91 
| strate on arsenate-induced ATPase. Experimental conditions as Dinitrophenol, 0.1 mm.................... 7.10 
ss Fig. 1. Succinate (succ), 10 mM, 8-hydroxybutyrate (BOH), Dinitrophenol, 0.1 mm + oligomycin A, 
OXY- | ~ mam. Mitochondria from 100 mg of liver. Time of incubation, ee a 1.42 
minutes. 
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Fic. 3. Inhibition of the P;-ATP exchange reaction by arsenate. 
Each tube contained: 50 mm KCl, 25 mm Tris buffer (pH 7.5), 62 
mM sucrose, 5mm ATP, 0.1 mm P;*2. Mitochondria from 100 mg 
of liver. Final volume, 2 ml. Reaction was started by the addi- 
tion of mitochondria and stopped after 3 minutes by the addition 
of 0.2 ml of 5 m sulfuric acid. Temperature, 30°. 
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Fia. 4. Comparison of the effects of arsenate on the P;-ATP 
exchange reaction and on aerobic phosphorylation in the presence 
of glutamate or succinate. Each Warburg vessel contained: 50 
mM KCl, 25 mm Tris buffer (pH 7.5), 8 mm MgCle, 10 mM substrate, 
10 mm P;*? (pH 7.5), 1 mm ATP, 50 mM sucrose, 25 mM glucose, and 
0.75 mg of hexokinase; concentrations of reagents were similar for 
the P;-ATP exchange reaction except that no substrates, hexo- 
kinase, and glucose were added, and the concentration of ATP was 
10mm. Concentrations of arsenate were as indicated in the figure. 
Final volume, 2 ml. Mitochondria from 200 mg of liver in each 
vessel or tube. Time of incubation, 10 minutes. Results are ex- 
pressed as a percentage of the sample without added arsenate. 


about 1 mM arsenate. This activity was about 8 times higher 
than the resting ATPase activity of the mitochondria as meas- 
ured in the absence of added Mg** and it was about 2 to 3 times 
lower than that obtained in the presence of 0.1 mm dinitrophenol 
(cf. Table III). It is also shown in Fig. 2 that the arsenate-in- 
duced ATPase activity was greatly depressed by succinate and 
by 8-hydroxybutyrate (or other DPN-linked substrates). This 
effect of added substrates could be eliminated by the addition of 
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added Mg** for maximal activity. 


respiratory inhibitors such as antimycin A, or, in the case of | 


DPN-linked substrates, also by Amytal (Table I). 

The marked inhibition of the arsenate-induced ATPase by the 
presence of an active respiration (a feature not shared by the 
dinitrophenol-induced ATPase (18)) is ascribed to a reincorpora- 
tion of the liberated P; into ATP by way of aerobic phosphory]- 
ation. That this was the case could be demonstrated by the 
experiment shown in Table II. In this experiment, three sam- 
ples were incubated, each in duplicate, in the presence of ATP 
and arsenate. After 5, 10, and 20 minutes, one of the duplicates 
was fixed for phosphate determination, whereas the other was 
supplemented with succinate and incubated for 15, 10, and § 
minutes more, respectively. As is seen in Table II, the amount 
of inorganic phosphate after this second incubation was con- 
siderably lower in all three samples than after the first incubation. 
In other words, phosphate liberated during the first period was 
reincorporated into ATP after the addition of succinate. These 
findings are therefore consistent with the conclusion that, at 
conditions of a maximal arsenate-induced ATPase activity, a 
considerable extent of aerobic phosphorylation still can take 
place. 

Recently, Wadkins (19) briefly reported the occurrence of an 
arsenate-induced liver mitochondria ATPase, which required 
As shown in Table III, no 
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Fic. 5. Time course of the arsenate effect on P ;-ATP exchange 
and oxidative phosphorylation. Conditions for oxidative phos- 
phorylation were as follows: 50 mm KCl, 25 mm Tris buffer (pH 
7.5), 8 mm MgChk, 20 mm P;** (pH 7.5), 20 mm succinate, 50 mM 
sucrose, 1 mm ATP, 25 mm glucose, and 0.75 mg of hexokinase. 
Conditions for the P;-ATP exchange were similar except that no 
Mg**, substrate, hexokinase, and glucose were added, and the con- 
centration of ATP was20mm. Mitochondria from 200 mg of liver. 
Final volume, 2 ml. 
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significant Mg**-requirement was found in the present system; 
thus, the arsenate-induced ATPase was similar in this respect to 
the dinitrophenol-induced ATPase of intact mitochondria (20). 
A further similarity between the two ATPases, demonstrated in 
this table, is their sensitivity to oligomycin A (21). This com- 
pound, as has recently been shown by Lardy e¢ al. (21), also 
inhibits mitochondrial respiration and P;-ATP exchange, but the 
former effect can be removed by dinitrophenol. 

Arsenate was found to inhibit strongly the P;-ATP exchange 
reaction of intact rat liver mitochondria. Fig. 3 shows that 10 
mM arsenate gave a virtually complete inhibition when the reac- 
tion was measured with 0.1 mm P; as initial concentration. 
When higher concentrations of phosphate were added initially, 
a higher concentration of arsenate was required for the inhibition. 
This relation is indicated by the data in Fig. 4. 

In Fig. 4, also, a comparison is made between the effects of 
arsenate on the P;-ATP exchange and on the P:O ratio, the 
latter as measured with succinate or glutamate as substrate. 
The exchange and P:O ratio were measured under similar condi- 
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tions of phosphate concentrations and time of incubation. 
Under these conditions, the P;-ATP exchange was more sensitive 
to the effect of arsenate than was the P:O ratio. 

Closer examination of this relationship revealed that whereas 
the inhibition of oxidative phosphorylation by arsenate occurred, 
in agreement with the findings of Crane and Lipmann (9), only 
gradually with time, the inhibition of the P;-ATP exchange took 
place instantaneously and was linear during the entire period of 
incubation. As shown in Fig. 5, with 40 mM arsenate, and 20 
mM initial phosphate concentration, the P;-ATP exchange rate 
was inhibited by about 90%, and was linear over a period of 40 
minutes. During the same time, the phosphate uptake, as 
measured with succinate as a substrate, declined from about 50% 
of the control rate during the first 10 minutes, to practically zero 
during the subsequent 30 minutes. 

The effect of various factors on the gradual inhibition of the 
phosphate uptake by arsenate was subsequently investigated. 
Succinate was used as a substrate to avoid a decline of the respira- 
tion due to loss of DPN. When glutamate or 8-hydroxybutyrate 
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Fic. 6. Effects of EDTA, Amytal, and ATP on the uncoupling of succinate-linked phosphorylation induced by arsenate (As). 
Conditions for oxidative phosphorylation were as in Fig. 5. EDTA, 2 mm; in the samples with 10 mm AMP, no hexokinase and glu- 


cose were added. 


(a) phosphate uptake; (b) oxygen uptake; (c) P:O ratio. 
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in ‘‘Experimental Procedure.”’ Temperature, 30°. 
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phosphate uptake of liver mitochondria in the presence of suc- 


cinate. Experimental conditions as in Fig.5. Concentrations of | for phosphate determinations were removed coincident with each Am} 
arsenate and inorganic phosphate as indicated in the figure. manometer readings. Fig. 6 shows an experiment where the KC. 
Amounts of liver mitochondria per tube were 300, 150, and 100mg ss effects of Amytal, EDTA!, and replacement of hexokinase and Ant 
in the presence of 20, 10, and 5 mm P;*?, respectively. The phos- Arse 
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glucose by AMP as terminal phosphate acceptor were investi- 
gated. It is seen that 40 mM arsenate caused a constant, about 


- 30%, depression of the respiratory rate during the entire period 


of incubation (25 minutes); at the same time the phosphate up- 
take decreased to almost zero after 5 minutes of incubation. 


- Amytal had no influence on this phenomenon whereas EDTA, 


or the change of the terminal phosphate acceptor (the latter 


allows an accumulation of ATP in the incubation medium), 
almost completely removed the gradual decline of the phosphate 
uptake. However, both the phosphate uptake and the respira- 
tion were still lower than when determined in the absence of 
arsenate, and the P:O ratio was decreased from about 1.7 to 
slightly below 1. 


oO 


[>] 


2mM Amytal 


COuNtS/ DOS ec,% of the sample without addition 


1 


-4 -3 


conc Arsenate,logM 

Fic. 10. Prevention by Amytal of the arsenate-induced release 
of mitochondrial endogenous phosphate. Experimental condi- 
tions as in Fig. 9. Concentrations of arsenate and Amytal as in- 
dicated in the figure ‘‘P*?-labeled mitochondria’’ from 200 mg of 
liver. Final volume,3 ml. The results are expressed in the per- 
centage of the sample incubated without additions. Samples of 
1 ml each were transferred to the filter plates after 2 and 5 minutes 
of incubation. 


TaBLeE IV 
Effect of respiratory-chain inhibitors on arsenate-induced 
release of mitochondrial endogenous phosphate 
Experimental conditions as in Fig. 9. Concentrations of other 
reagents as indicated above. ‘‘P%-labeled mitochondria’”’ from 
200 mg of liver. Time of incubation, 5 minutes. 


sion 

counts/sec | counts/sec | counts/sec 
574 298 298 
Antimycin A, 1 wg................. 561 311 286 
Arsenite, 0.1 mM.................. 881 162 
Dinitrophenol, 0.1 mm............. 479 378 201 
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TABLE V 


Effect of cysteine sulfinate and oxaloacetate on release of P 
from mitochondria during incubation with arsenate 

Concentrations of the reagents in the incubation mixture were 
as follows: 50 mm KCl, 30 mn Tris buffer (pH 7.5), 10 mm MgClas, 
125 mM sucrose, and, when indicated, 2mm Amytal,3 mM arsenate, 
5 mM cysteine sulfinate, 3 mm oxaloacetate; final volume, 3 ml, 
‘*P32_labeled mitochondria’’ from 500 mg of liver. Time of in- 
cubation, 5 minutes. Temperature, 30°. ‘ 


Addition Experiment 1 | Experiment 2 
counts/sec 
Arsenate, cysteine sulfinate........... | 211 
Amytal, oxaloacetate................. | 203 
Arsenate, Amytal..................... | 339 
Arsenate, Amytal, oxaloacetate... _... 117 


The time required for the decline of the phosphate uptake was 
dependent on the concentration of arsenate (Fig. 7a), but not, 
to any significant extent, on the ratio of phosphate to arsenate 
(Fig. 8). 

The effect of arsenate in releasing endogenous phosphate com- 
pounds from the mitochondria was also investigated. The ex- 
periments were carried out with P*®-labeled mitochondria, with 
the rapid plating technique described previously (7). As illus- 
trated in Fig. 9, 3 mM arsenate induced a release of P* from the 
mitochondria which reached almost completeness within 7 min- 
utes. Comparison is made with the effect of dinitrophenol, 
which, as was reported previously, removed only about one-third 
of the mitochondrial P*®. The arsenate-induced release of the 
mitochondrial endogenous phosphate was efficiently counteracted 
by succinate. This effect of succinate was abolished by anti- 
mycin A, indicating that it was connected with an oxidation of 
succinate by way of the respiratory chain. Succinate alone 
caused only a partial release of the endogenous phosphate, in 
agreement with previous findings. 

The arsenate-induced release of the endogenous mitochondrial 
phosphate was strongly inhibited by Amytal (Fig. 10). By 
contrast, antimycin A and cyanide exhibited only a partial pro- 
tection (Table IV). A slight protection was also exerted by 
dinitrophenol. 

The preventive effect of Amytal on the arsenate-induced re- 
lease of mitochondrial P® was efficiently counteracted by oxalo- 
acetate. An extensive depletion of P*® occurred also in the 
presence of oxaloacetate + Amytal, without arsenate. When 
cysteine sulfinate was added to the arsenate-incubated system- 
thus removing oxaloacetate (22) formed from endogenous sub, 
strate, it exhibited a partial but significant protection against 
the release of mitochondrial P®. The implications of these 
findings will be discussed below. 


DISCUSSION 


Arsenate is generally considered to compete with P; in enzymic 
reactions in which the latter is involved as a reactant (23, 24). 
The arsenylated compound so formed is usually labile and under- 
goes spontaneous hydrolysis (25). Thus, although arsenate has 
usually been known as an uncoupler of substrate level phos- 


Ef- 
ns of 
| 


1516 Compartmentation of Mitochondrial Phosphorylations Vol. 236, No. jf Ma 


phorylations, it is not surprising that, as Crane and Lipmann (9) _ tion of mitochondrial ATP, together with the counteraction of and 
found, it also uncouples the phosphorylations occurring at the the Amytal effect by oxaloacetate, further emphasize the role reac 
respiratory chain level. On the other hand, Crane and Lip- of the oxaloacetic carboxylase in removing phosphate from this effi¢ 
mann’s (9) data were the first to indicate that the general un- ATP. However, the finding that Amytal was by far more eff. my¢ 
coupling effect of arsenate is more complex kinetically when cient in its protective effect than both cysteine sulfinate and the of 4 
studied at the mitochondrial level than it is with isolated en- respiratory inhibitors antimycin A and cyanide, all of which tion 
zymes. As stressed in the introduction, this complexity may agents ought to be as efficient as Amytal in preventing an active. 
reflect a compartmentation of the individual mitochondrial oxaloacetic carboxylase reaction from occurring, would seem t) jp. 
phosphorylations. dicate that the Amytal-sensitive site as such is involved in the! {rom 
The data of the present paper suggest the occurrence of at mode of action of arsenate in attacking the intramitochondrig] | to t 
least three types of arsenate effects on mitochondrial oxidative ATP. The possibility is being considered that the penetration of. Low 
phosphorylations and related reactions. One is instantaneous arsenate into the compartment of the substrate level phosphoryl. Mis 
and involves the appearance of an ATPase activity and a simul- tion may require an active electron transport through the 
taneous inhibition of the Pj-ATP exchange reaction. The Amytal-sensitive site of the respiratory chain. A 
ATPase activity was found to be virtually independent of added In conclusion, it is visualized that according to their accesgj. | that 
Mg** and inhibited by oligomycin A. Both these properties bility to arsenate the four mitochondrial phosphorylations are | pres 
are characteristic of the dinitrophenol-induced mitochondrial located in three different compartments. The first respiratory | is st 
ATPase (20, 21). It has been postulated in this laboratory (11) chain phosphorylation appears to be the only one which is gt.| mM 
that the latter reaction, as well the P;-ATP exchange, is related tacked directly by arsenate. The two terminal respiratory | inhi 
to the first of the three respiratory chain phosphorylations, chain phosphorylations appear to be located in a compartment | stim 
namely that which occurs in the DPN-flavin region. It would which is reached by arsenate by way of passive diffusion, the } con¢ 
therefore seem that the instantaneous effect of arsenate concerns extent of which is a function of the structural tightness of the | of t 
this first phosphorylation. * mitochondrion. Finally, the transport of arsenate to the com. | the! 
The succinate-coupled phosphorylations were uncoupled by — partment where the a-ketoglutarate-linked substrate level phos. | and 
arsenate in a time-dependent manner. The decline of the phos- phorylation is located seems to be an active process involving} Ai 
phate uptake was not influenced by Amytal, but was partially the Amytal-sensitive site of the respiratory chain. That the| gest 
counteracted by EDTA or by conditions favoring an accumu- three compartments, in the said order, correspond morphologi- | arse 
lation of ATP in the incubation medium. Furthermore, the cally to the mitochondrial membranes, the cristae, and the ma- ’ inhi 
decline of the phosphate uptake was a function of the arsenate trix may be an attractive perspective. ate 
concentration but was independent of the ratio of arsenate to When this paper was terminated, a recent article by Chan, bea 
phosphate. It would therefore seem that the rate of appearance Lehninger, and Enns (31) reached our laboratory, in which an | arse 
of this effect was not determined by the competition on the part inhibition by arsenate of the P;-ATP exchange reaction in phos- | resp 
of arsenate as such, but by the rate at which arsenate from the phorylating mitochondrial fragments is reported. The inhibi- | high 
medium reached the intramitochondrial sites of these phosphoryl- tion was paralleled by a depression of the PO,'*-H.O exchange. | link 
ations. The penetration of arsenate into these sites is probably These findings are in agreement with the conclusions reached in Tab 
due to a passive diffusion as indicated by the fact that agents the present paper. 
such as EDTA (26) and ATP (27), that are known to tighten 
the mitochondrial structure, counteract this effect of arsenate. 
The observation that the protection by these agents was only Arsenate, in an optimal concentration of 1 to 3 mm, inducesan | 
partial may indicate, furthermore, that the individual sites of | adenosinetriphosphatase activity in fresh rat liver mitochondria | 2. ( 
the two succinate-linked phosphorylations may be reached by _ which is linear with time, independent of added magnesium ions, 
arsenate by qualitatively or quantitatively different mechanisms. and inhibited by oligomycin A. The arsenate-induced adeno- 
Evidence was presented in a preceding paper (7) that a part  sinetriphosphatase activity is strongly depressed by succinate 
of the endogenous ATP found in intact mitochondria may origi- and other oxidizable substrates, and this effect is abolished by 
nate exclusively from the a-ketoglutarate-linked substrate level suitable respiratory chain inhibitors. Evidence is presented 
phosphorylation. The evidence was based partly on the find- that the substrate effect on the adenosinetriphosphatase is due 
ing that this ATP could be generated during substrate oxidation — to reincorporation of inorganic phosphate into adenosine triphos- 
in the presence of dinitrophenol, and partly on the observation phate by way of aerobic phosphorylation. 
that the same ATP was not readily available to the action of the Arsenate strongly inhibits the inorganic orthophosphate- 
dinitrophenol-induced ATPase. It was also suggested that a adenosine triphosphate exchange reaction of liver mitochondria, 
number of alternative accessory mechanisms, such as a double and the extent of inhibition is independent of time. 
adenylate kinase, the oxaloacetic carboxylase-pyruvic kinase, Aerobic phosphorylation in the presence of succinate or pyti- 
and a recently proposed activation reaction involved in the dine nucleotide-linked substrates is depressed by arsenate in 4 
oxidation of succinate (28-30), may function in the transfer of | time-dependent manner, the extent of depression of the phos- 
phosphate from this ATP to external ADP. The present data phate-oxygen ratio progressing upon prolonged incubation. 
seem to further substantiate this concept by showing that arse- This progression is a function of the arsenate concentration but 
nate, which, unlike dinitrophenol, uncouples the a-ketoglutarate- is independent of the arsenate-phosphate ratio. The inhibition 
linked substrate level phosphorylation as well (8), was able to of the phosphorylation is markedly counteracted by ethylene-_ 
~~ deplete all mitochondrial ATP. The effects of cysteine sulfinate diaminetetraacetate and by adenosine triphosphate. 
and Amytal in partially preventing the arsenate-induced deple- Arsenate induces a rapid depletion of endogenous inorgani¢ 
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and high energy phosphate from the mitochondria which may 
reach virtual completeness. The arsenate-induced release is 
eficiently counteracted by Amytal, but only slightly by anti- 
mycin A or cyanide. These conclusions are discussed in terms 
of 8 compartmentation of the individual oxidative phosphoryla- 
tions within the mitochondrial structure. 
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Addendum—lIt has recently been reported by Estabrook (32) 
that the respiration of rat liver mitochondria incubated in the 
presence of ADP and succinate and in the absence of added Pj 
is stimulated by 0.5 mM arsenate to the same extent as by 0.02 
ma 2;4-dinitrophenol. The arsenate-stimulated respiration was 
inhibited by 30 wg of oligomycin, whereas the dinitrophenol- 
stimulated respiration was not. From these findings, it was 
concluded that arsenate and dinitrophenol act at different loci 
of the phosphorylation sequence, dinitrophenol acting between 
the electron transport chain and the site of oligomycin inhibition, 
and arsenate between this inhibition site and ATP. 

An alternative explanation for Estabrook’s findings is sug- 
gested by the data of Table I of the present paper, showing that 
arsenate induces an ATPase activity in mitochondria which is 
inhibited by oligomycin. The respiratory stimulation by arsen- 


ate in the P;-deficient system, observed by Estabrook, thus may 
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be accounted for by a turnover of endogenous P; by way of the 
arsenate-induced ATPase, rather than by a true uncoupling of 
respiration from phosphorylation. Conditions which allow a 
high level of arsenate-induced ATPase may affect succinate- 
linked aerobic phosphorylation only marginally (cf. Fig. 2 and 
Table II). 
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It was concluded in a previous paper (1) that the enhance- 
ment of respiration by inorganic orthophosphate, occurring in 
rat liver mitochondria oxidizing a number of Krebs cycle metab- 
olites or glutamate in the presence of 2,4-dinitrophenol or Di- 
cumarol, is due to the substrate level phosphorylation linked to 
the oxidation of a-ketoglutarate which is not uncoupled by 
these agents. Yet, no requirement of inorganic orthophosphate 
under these conditions was observed when succinate was used 
as a substrate. It was observed in the course of these studies, 
however, that when the mitochondria were pretreated! with 
dinitrophenol plus adenosine 5’-phosphate, in order to remove 
endogenous inorganic orthophosphate, and the initial rate of 
respiration after incubation with succinate and dinitrophenol 
was measured with the oxygen electrode, this was markedly 
low, unless inorganic orthophosphate was included in the incu- 
bating medium. Moreover, it was found necessary to add the 
inorganic orthophosphate together with the succinate some time 
before the addition of dinitrophenol, in order to obtain a high 
rate of respiration. Alternatively, succinate oxidation could be 
brought to a high rate by adding adenosine triphosphate to the 
system, and in this case even after the addition of dinitrophenol. 
Similar effects were subsequently obtained, and even in a more 
striking manner, when the mitochondria were preincubated with 
arsenate, instead of the pretreatment with dinitrophenol plus 
adenosine 5’-phosphate. 

Studies with P*-labeled mitochondrial preparations have 
revealed that treatment of mitochondria both with dinitrophenol 
plus adenosine 5’-phosphate (1) and with arsenate (2) results in an 
extensive depletion of not only endogenous inorganic orthophos- 
phate but also endogenous high energy phosphate. The above 
findings were therefore interpreted to suggest that the mitochon- 
drial oxidation of succinate might require a supply of high 
energy phosphate. Experimental evidence in favor of this 
concept has been reported briefly (3), and is presented here in 
detail. 


* Fellow of the Consiglio Nazionale delle Ricerche. Permanent 
address, Istituto di Patologia Generale, Universita di Padova, 
Padova, Italy. 

1 The prefix ‘‘pre-’’ in connection with the terms treatment and 
incubation was found to be convenient in the present context for 
denoting experimental operations preceding the final incubation 
of the mitochondria in the presence of oxidizable substrate. The 
term pretreatment is used when the pretreating agent was removed 
from the mitochondria before incubation with substrate, whereas 
the term preincubation indicates that the pretreating agent was 
present during the subsequent incubation with substrate. 


Parallel to the accomplishment of the present work an investi- 
gation was undertaken, in collaboration with Dr. M. Klingep. 
berg at Marburg, about a possible correlation between the pres. 
ent activation mechanism and the endergonic reduction of the 
mitochondrial pyridine nucleotides by succinate, earlier de. 
scribed by Chance and Hollunger (4, 5) and by Klingenberg 
et al. (6, 7). The results of these studies are reported elsewhere 
(8). 

From the experimental evidence collected, the concept is 
developed that the aerobic oxidation of succinate in intact liver 
mitochondria involves an adenosine triphosphate-dependent 
activation mechanism with the formation of a phosphorylated, 
reduced electron carrier; this high energy intermediate can sub- 
sequently be oxidized either by way of the terminal respiratory 
chain, with the regeneration of adenosine triphosphate, or by 
diphosphopyridine nucleotide, with the liberation of inorganic 
orthophosphate. 


EXPERIMENTAL PROCEDURE 


Rat liver mitochondria were prepared as previously described 
(9). Oxygen uptake was measured in a rotating cuvette witha 
stationary platinum electrode following the procedure described 
by Chance and Williams (10). The concentrations of the rea- 
gents in a final volume of 1.5 ml were as follows (unless other- 
wise stated): 50 mm KCl, 33 mm Tris buffer (pH 7.5), 8 mw 
MgCl, 50 mm sucrose. Of the incubation medium, 1.3 ml 
were added to the cuvette before the experiment was started. 
Other substances were added during the incubations at the 
points indicated in the figures. Unless otherwise indicated, 0.2 
ml of mitochondrial suspension in 0.25 mM sucrose (corresponding 
to 400 mg of rat liver, wet weight, or to about 8 mg of mito- 
chondrial protein) was used in each experiment. Pretreatment 
with dinitrophenol or with dinitrophenol plus AMP was per- 
formed as described previously (1). 

Cysteine sulfinate was a kind gift of Professor D. Cavallini, 
University of Modena, Italy. ATP, CTP, UTP, ITP, and GTP 
were products of the Sigma Chemical Company. 


— 


RESULTS 


\ 
Depression of Capacity for Succinate Oxidation by Preincubation | 
with Arsenate and Dicumarol, and Restoration by ATP | 


The main findings are illustrated by Experiments a to g in | 
Fig. 1. Experiments a, b, and c show the effect of Dicumardl, | 


arsenate, and arsenate plus Dicumarol, respectively, when added | 
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L3mi Medium 


Medium 


161 


13mi Medium 


d e f 
FFE 
= 3 E 
= 
E 
Fic. 1. Stimulation of succinate oxidation by ATP in liver 2 
mitochondria preincubated with arsenate and Dicumarol. Con- 3 v 
centrations of the reagents in a final volume of 1.5 ml were as 4 : 4h- 
follows: 50 mm KCl, 33 mm Tris buffer (pH 7.5), 8 mm MgClo, 50 a - 
mM sucrose, 1 mm ATP, 13 succinate (succ), 2 mM arsenate 


(Arsen), 0.06 mm Dicumarol (Dic). Mitochondria (mit) from 400 
mg of rat liver, wet weight (about 8 mg of protein). The sub- 
stances were added at the points indicated. The term ‘1.3 ml 
Medium’”’ represents KCl, Tris, MgCl, and sucrose, added in a 
volume of 1.3 ml. Oxidation rate of succinate is given in milli- 
microatoms of oxygen per minute. 


to mitochondria in the presence of succinate. Dicumarol, 0.05 
mM, alone was able to elicit a maximal rate of respiration (Ex- 
periment a), whereas the respiratory rate was only about half- 
maximal when 2 mM arsenate alone was added (Experiment 0); 
this difference in rate was probably due to the fact that whereas 
Dicumarol was able to release respiratory control completely, 
arsenate caused only a partial release. In fact, addition of 
Dicumarol to the arsenate-supplemented system brought the 
respiratory rate up to the maximum (Experiment c). 

In Experiments d, e, and f, the same three sets of conditions 
were tested, but here, the Dicumarol, the arsenate, or both, were 
added 3 to 4 minutes before, rather than after, the addition of 
succinate. In all three cases, the mitochondria exhibited a 
moderate rate of endogenous respiration during the preincuba- 
tion. When succinate was added to the system preincubated 


with Dicumarol alone, the ensuing respiratory rate was about 
half-maximal and fairly constant (Experiment d).2 After pre- 
incubation with arsenate alone, again a half-maximal rate of 
succinate oxidation was eventually attained, but in this case 
only after an initial lag phase (Experiment e). Finally, when 
the preincubation was carried out in the presence of both arse- 
nate and Dicumarol, the resulting rate of succinate oxidation 
was very low, only slightly more than 10° of the maximum, 


2 In later experiments, performed in connection with spectro- 
photometric studies (8), a strong inhibition of succinate oxidation 
could also be obtained by preincubation with 0.04 mm Dicumarol 
or 0.1 mM dinitrophenol alone. Also in this case, added ATP was 
able to stimulate the oxidation of succinate several-fold. The 
time and conditions of preincubation required for inhibiting suc- 
cinate oxidation appear to be dependent on the complement of en- 
dogenous substrates initially present in the mitochondria. 
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and in this case it remained low upon prolonged incubation 
(Experiment f). 

It was found previously (2) that treatment of mitochondria 
with arsenate may lead to a rapid depletion of endogenous high 
energy phosphate. It therefore seemed possible that the initial 
low respiration in Experiment e might be a reflection of this 
depleted state and that the gradual increase of the respiratory 
rate -was due to a slow regeneration of high energy phosphate 
which occurred during the oxidation of succinate. That high 
energy phosphate was involved in the observed phenomenon 
was also indicated by Experiment f, in which the addition of an 
uncoupling concentration of Dicumarol was able to prevent the 
successive recovery of the respiratory rate, previously observed 
in Experiment e. This reasoning could be verified in Experi- 
ment g, by adding ATP to the arsenate-Dicumarol-preincubated 
system and showing that this addition resulted in an increase of 
the rate of succinate oxidation by nearly 5-fold. This rate was 
equal to, or even slightly exceeded, that previously found after 
preincubation with Dicumarol alone (cf. Experiment d). In 
other words, ATP was able to repair completely the inhibitory 
effect of arsenate. 


Factors Influencing Arsenate Effect 


Time of Preincubation—The extent of depression of the capac- 
ity for succinate oxidation was dependent on the length of pre- 
incubation in the presence of arsenate, 3 to 4 minutes of prein- 
cubation under the prevailing experimental conditions were 
needed to obtain maximal depression, the extent of which was 
about 90°%. On the other hand, it was found to be of no major 
significance for the extent of inhibition at what time the Dicu- 
marol was added in relation to the addition of arsenate, or 
whether Dicumarol was replaced by 0.1 mm dinitrophenol. As 
could be expected, also in this latter case, added ATP was able 
to stimulate the rate of succinate oxidation several-fold. 

Effect of P;—In Fig. 2, it is demonstrated that the effect of 
arsenate could be eliminated if the preincubation was performed 
in the presence of a 5-fold molar excess of Pi, the latter probably 
abolishing the effect of arsenate on the mitochondrial endoge- 
nous phosphate. If P; was added after the preincubation with 
arsenate, no effect was found and ATP was required for stimu- 
lating the respiration. 

Effect of Amytal—It was shown previously (2) that Amytal 
is able to prevent the depletion of the mitochondrial high energy 
phosphate by arsenate. It could therefore be expected that 
Amytal should also be able to prevent the arsenate-induced 
depression of succinate oxidation. In fact, when the preincuba- 
tion with arsenate and Dicumarol was carried out in the pres- 


: Ly ite 


A B 


Fic. 2. Prevention by P; of the arsenate-Dicumarol-induced in- 
hibition of succinate oxidation. Experimental conditions as in 
Fig. 1. Pj, 10 mM, was added at the point indicated. 


Oxidation of Succinate in Mitochondria 


1.3ml M 


Dig 


Fic. 3. Prevention by Amytal of the inhibition of succinate 
oxidation. Experimental conditions as in Fig. 1. Amytal, 2 my, 
was added at the point indicated. 


ence of 2 mm Amytal (Fig. 34) a high rate of succinate oxida- 
tion ensued. 
period of preincubation with arsenate and Dicumarol (Fig. 3B), 
the rate of oxidation of succinate was low, and could be greatly 
enhanced by added ATP. 

Effect of Cysteine Sulfinate—A partial protection against the 
arsenate-induced depletion of mitochondrial endogenous phos- 
phate was previously also noticed when cysteine sulfinate was 
present in the preincubating medium (2). In accordance with 
this, a high rate of succinate oxidation ensued if the preincuba- 
tion with arsenate and Dicumarol was performed in the presence 
of cysteine sulfinate (Fig. 44). When, on the other hand, cyste- 
ine sulfinate was added after the preincubation, the ensuing 
rate of succinate oxidation was low, and could be stimulated 
several-fold by the addition of ATP (Fig. 4B). 

This latter finding was of particular importance, inasmuch as 
it seemed to exclude the possibility that the observed inhibition 
of succinate oxidation was due to an accumulation of oxaloace- 
tate. Cysteine sulfinate, as has been shown by Singer and 
Kearney (11), efficiently removes oxaloacetate from mitochon- 
dria, converting it to aspartate by way of a transaminase re- 
action. Therefore, if oxaloacetate were the inhibitory agent, 
addition of cysteine sulfinate should eliminate the inhibition, re- 
gardless of whether it is added before or after the preincubation 
of the mitochondria with arsenate and Dicumarol. This clearly 


was not the case (Fig. 4), cysteine sulfinate giving an effect — 


only if added before, but not if added after, the preincubation. 


To obtain this differential effect of cysteine sulfinate in a con- | 


sistent manner, it was found advisable, however, to include Amy- 


If, on the other hand, Amytal was added after a | 


| 
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Fic. 4. Effect of cysteine sulfinate on succinate oxidation in the 
arsenate-Dicumarol-preincubated mitochondria. Experimental 
conditions as in Fig. 1. Cysteine sulfinate (CSA), 3 mM, was 
added at the point indicated. 


tal in the incubation mixture (the addition of Amytal was made 
after the preincubation, so as to give no effect of its own; cf. 
Fig. 3), inasmuch as otherwise, cysteine sulfinate occasionally 
raised somewhat the rate of oxygen uptake even when added 
after the preincubation. 
crease in the rate of oxidation of succinate, but to the fact that 
the oxaloacetate formed during the oxidation of succinate was 
reacting with the cysteine sulfinate, with the formation of aspar- 
tate, pyruvate, and inorganic sulfite, and the latter two products 
gave rise to an oxygen uptake which was additive to the oxida- 
tion of succinate. The role of Amytal was thus to prevent the 
formation of oxaloacetate from succinate. Table I presents 
some data illustrating this side effect of cysteine sulfinate. It 
is seen that the combined addition of cysteine sulfinate and 
oxaloacetate to the arsenate-Dicumarol-preincubated, Amytal- 
supplemented system caused a stimulation of the oxidation rate 
obtained with succinate, whereas cysteine sulfinate alone did not. 
Thus, this is a paradoxical case in which oxaloacetate ‘“stimu- 
lates” succinate oxidation. The stimulation due to oxaloacetate 
could be duplicated with inorganic sulfite. Moreover, a net 
oxygen uptake, similar in rate to the apparent stimulation of 
succinate oxidation, could be obtained if cysteine sulfinate and 
oxaloacetate, without succinate, were added to the preincubated 
system. This oxygen uptake was only slightly diminished by 
Amytal, indicating that it was mainly due to an oxidation of 
sulfite, and only to a small extent to an oxidation of pyruvate. 
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Data Bearing on ATP Effect 


Concentration of ATP—The amount of added ATP was found 
to influence the extent of stimulation of succinate oxidation in 
the arsenate-Dicumarol-pretreated mitochondria. The appar- 
ent lowest concentration to give a maximal effect was 1 mM. 
It should be remembered, however, that under the prevailing 
conditions, t.e. in the presence of arsenate (2) and Dicumarol (12) 
(both of which are known to elicit a high ATPase activity), the 
added ATP was presumably subject to rapid hydrolysis. 

Other Nucleoside Triphosphates—In Table II, a comparison 
is made of the capacity of ATP to stimulate succinate oxidation 
with those of other nucleotide triphosphates, viz. CTP, UTP, 
ITP, and GTP, all added in concentrations of m mm. All four 
compounds were markedly less efficient than ATP, with their 
individual potencies decreasing in the above mentioned order. 
It may also be noticed that the effects of these compounds had 


TABLE I 


Effect of cysteine sulfinate on oxidation of succinate in 
arsenate-Dicumarol-preincubated mitochondria 


Concentrations of the reagents in a final volume of 1 ml were 
as follows: 120 mm KCl, 20 mn Tris buffer (pH 7.5), 8 mm MgClo, 
30 mM sucrose, 0.5 mM arsenate, 0.04 mm Dicumarol, and, when 
indicated, 10 mM succinate, 2mm Amytal, 8 mM cysteine sulfinate, 
2mm ATP, 2 mM oxaloacetate, 1 mm NaHSO;. Mitochondria 
from 200 mg of liver. In all experiments, the mitochondria were 
preincubated for 3 minutes with arsenate and Dicumarol and the 
subsequent additions made in the order reported below. 


Order of additions Respiration 


mpatoms oxygen/min 


Amytal, succinate........................... | 101 
Amytal, succinate, ATP..................... 564 
Amytal, succinate, cysteine sulfinate......... 94 
Amytal, succinate, cysteine sulfinate, oxalo- 

Amytal, succinate, sulfite.................... 282 
Amytal, cysteine sulfinate, oxaloacetate..... 94 
Cysteine sulfinate, oxaloacetate............. 122 


TABLE II 


Effects of various nucleotides on succinate oxidation in 
arsenate-Dicumarol-preincubated mitochondria 


Concentrations of the reagents in a final volume of 1.5 ml were 
as follows: 120 mm KCl, 20 mm glycylglycine buffer (pH 7.5), 8 
mm MgCl:, 30 mM sucrose, 13 mM succinate, 3 mM arsenate, 0.06 
mm Dicumarol, 1 mm ATP or other nucleotides. Mitochondria 
from 400 mg of liver (wet weight). Succinate was added to the 
mitochondria after 4 minutes of preincubation with arsenate and 
Dicumarol; the various nucleotides were added 1 minute after 
the addition of succinate. 


Stimulation 
Nucleotide added 
First minute | Second minute | Third minute 
% % % 
117 148 185 
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Fic. 5. Stimulation of succinate oxidation by Pi and ATP in liver mitochondria pretreated with dinitrophenol and AMP. 
The mitochondria used in this experiment were pretreated for 5 minutes with dinitrophenol and 


perimental conditions as in Fig. 1. 
AMP as described in ‘‘Experimental Procedure.”’ 


a well marked lag period perhaps due to transphosphorylation 
with mitochondrial ADP, thus giving rise to ATP. 

Other Agents—No stimulation of succinate oxidation was ob- 
tained with AMP (1 to 2 mM) or with ethylenediaminetetraace- 
tate (2mm). Finally, the mhibited state of succinate oxidation 
was not altered when the succinate concentration was raised 
from 13 to 65 mM. 


Experiments with Dinitrophenol-AM P-pretreated Mitochondria 


It was shown previously (1) that a rapid depletion of the mito- 
chondrial endogenous high energy phosphate could be obtained 


TaBLeE III 


Stimulation of oxidation of succinate by B-hydrorybutyrate 
and P; in dinitrophenol-AMP-pretreated mitochondria 


Experimental conditions as in Fig. 1; 5 mM inorganic phos- 
phate; 10 mm 8-hydroxybutyrate; 1 mm Amytal. Mitochondria 
were pretreated for 5 minutes with dinitrophenol + AMP as de- 
scribed in the methods. Substances were added in the indicated 
order, and only the oxidation rate (millimicroatoms of oxygen 
per minute) obtained after the addition of the last substance is 
given. 


Respiration 


Order of additions 


Experiment Experiment 
1 2 


mpatoms oxygen/min 


Succinate, mitochondria, Dicumarol . 50 48 
Succinate, mitochondria, Dicumarol, ATP. 140 
Succinate, Pj, mitochondria, Dicumarol.... 110 180 
8-Hydroxybutyrate, P;, mitochondria, Dicu- 

Succinate, 6-hydroxybutyrate, P;, mitochon- | 

Succinate, 8-hydroxybutyrate, mitochondria, | 

Succinate, P;, mitochondria, Amytal, Dicu- | 

Succinate, 8-hydroxybutyrate, P;, mitochon- | | 

dria, Amytal, Dicumarol.................. | 310 
8-Hydroxybutyrate, P;, mitochondria, Dicu- | 

8-Hydroxybutyrate, mitochondria, Dicu- | 

marol, Amytal, succinate. . . | 90 


Oxidation of Succinate in Mitochondria 


0.2 Imi mit RY 


—t__Dlic 


181 


B 
Ex. 


if mitochondria were incubated for a short period of time at 
30° in the presence of dinitrophenol plus AMP. In the experi- 
ments summarized in Fig. 5 and Table III, suspensions of mito- 
chondria in 0.25 m sucrose had been incubated in the presence of 
0.1 mM dinitrophenol plus 1 mm AMP at 30° for 5 minutes, after 
which the suspensions were recentrifuged in the cold and washed 
with 0.25 mM sucrose. When these mitochondria were incubated 
with succinate in the presence of Dicumarol (Fig. 5A), the res- 
piration, as measured with the oxygen electrode, was relatively 
low and could be stimulated more than 2-fold by the addition 
of ATP. Similar to the case of the arsenate-pretreated mito- 
chondria, the presence of P; resulted in a high respiration pro- 
vided that the phosphate was added before the addition of 
Dicumarol (Fig. 5B) but not when it was added after the addi- 
tion of Dicumarol (Fig. 5A). 

Data reported in Table III indicate that addition of a DPN.- 
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linked substrate, such as 6-hydroxybutyrate (or glutamate), to — 


the dinitrophenol-AMP-pretreated mitochondria considerably 
increased the rate of succinate oxidation beyond that obtained 
either by adding P; before or ATP after the addition of Dicu- 
marol. The presence of P; was essential for observing this 
effect, which required, furthermore, that both P; and succinate 
were present, together with the DPN-linked substrate, before 
the addition of Dicumarol. This effect was not due merely toa 
co-oxidation of the DPN-linked substrate with succinate, because 
it was not abolished to any larger extent by a concentration of 
Amytal which blocks the oxidation of DPN-linked substrates. 
These results indicate that in the dinitrophenol-AM P-pretreated 
system, intramitochondrially generated high energy phosphate 
may stimulate succinate oxidation more efficiently than does 
externally added ATP.* 


DISCUSSION 


Concept of High Energy Phosphate Requirement for Mitochon- 
drial Oxidation of Succinate—The findings of the present paper 
are consistent with the conclusion that the aerobic oxidation of 
succinate in liver mitochondria requires a supply of high energy 


3 (Added in proof) A similar conclusion has recently been 
reached by Chance and Hagihara (13) in experiments with aged 
mitochondria from pigeon heart. Results of their experiments 
also confirmed some of our earlier data on the ATP-induced acti- 
vation of succinate oxidation (3) and on the simultaneous reduc- 
tion of mitochondrial DPN (8). 
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phosphate. The evidence supporting this conclusion may be 
summarized as follows: 

1. Pretreatment of mitochondria with agents which were pre- 
viously (1,2) found to facilitate the depletion of endogenous high 
energy phosphate leads to a serious depression of the capacity of 
mitochondria to carry out the aerobic oxidation of succinate. 
This effect was independent of the nature of the agent used; 
pretreatment with arsenate, or with dinitrophenol plus AMP, 
gave similar results. 

2. When the arsenate-induced depletion of mitochondrial 
high energy phosphate was prevented by the addition of Amytal 
or cysteine sulfinate (2), the capacity for succinate oxidation was 
preserved. 

3. No depression of the succinate-oxidizing capacity was ob- 
served if the depleted mitochondria were allowed to regenerate 
their endogenous high energy phosphate. | 

4. Addition of ATP to the depleted system resulted in a sub- 
stantial increase of capacity for succinate oxidation. This effect 
of ATP was not duplicated (a) by Pi, unless this was added 
under conditions which allowed a generation of high energy 
phosphate; (6) by AMP, this ruling out the possibility that 
adenine nucleotide rather than high energy phosphate was re- 
quired for the restoration of the capacity for succinate oxidation; 
and (c) by ethylenediaminetetraacetate, this eliminating a con- 
ceivable chelating type of action, rather than that of supplying 
energy, as the basis for the observed ATP effect. 

Lines of Evidence Eliminating Oxaloacetate as Inhibitory Agent 
—In order to further fortify the above concept, it was necessary 
to exclude the possibility that the phenomenon studied here was 
due to the accumulation of an inhibitor during the preincuba- 
tion of the mitochondria, removed subsequently by ATP. Of 
special importance in this connection was to eliminate oxalo- 
acetate as responsible for the observed inhibition. This com- 
pound, which is known to be a competitive inhibitor of succinic 
dehydrogenase (14), has been implicated in several instances in 
the past when inhibitory effects on succinoxidase were encoun- 
tered (15-18). Furthermore, it has been shown by Pardee and 
Potter (19) and by Tyler (20) that added ATP potently coun- 
teracts the inhibition of succinoxidase by oxaloacetate. In 
spite of these indications, however, it has been possible to estab- 
lish, within the limits of available means, that the depression of 
the succinoxidase capacity, as studied in the present connections 
(cf. also (8)), was not due to an inhibition of succinic dehydro- 
genase by oxaloacetate. The arguments underlying this state- 
ment may be summarized as follows: 

1. As concluded in “Results,’”’ cysteine sulfinate was not able 
to remove the inhibition of succinate oxidation after preincuba- 
tion with arsenate and Dicumarol. 

2. It was reported elsewhere (8) that no oxaloacetate could 
be demonstrated in the arsenate-Dicumarol-preincubated sys- 
tem. The method used for this assay allowed the detection of 
as little as 5 & 10-® m oxaloacetate in the test system.4 It has 
been shown by Greengard et al. (21) that succinic dehydrogenase 


‘(Added in proof) This mitochondrial suspension contained 
3.8 mg of protein per ml (cf. (8), Fig. 1). The maximal oxaloace- 
tate content of the sample thus was 5 X 10-8/3.8 X 10-9 = 13.2 
mumoles per g of mitochondrial protein. The estimated content 
of succinic dehydrogenase of rat liver mitochondria is approxi- 
mately 285 mumoles per g of protein (T. P. Singer, personal com- 
munication). Hence, the amount of oxaloacetate maximally 
present in this system was about 20 times less than the amount of 


-Suecinic dehydrogenase. 
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is inhibited no more than 29°% by oxaloacetate if approximately 
1000-fold excess of succinate is present. In the present case, an 
excess of succinate of 250,000- to 1.3 million-fold above the 
maximal possible concentration of oxaloacetate, 5 « 10°% M, 
was used. This should have relieved virtually all the inhibition 
even if allowance were made for the possibility that part of the 
oxaloacetate may be bound to the mitochondria and its concen- 
tration increased by compartmentation. There is no reason to 
believe that added succinate might not reach the mitochondrial 
compartment where the succinic dehydrogenase is located. 

3. The possibility was also considered that ATP may stimu- 
late succinate oxidation in the present system because of the 
removal of a trace amount of oxaloacetate by way of the oxalo- 
acetic carboxylase reaction. However, it is known that this 
enzyme reacts faster with GTP and ITP than with ATP (22, 
23). Therefore, if this mechanism were responsible for the 
stimulation of succinate oxidation by ATP, it should be expected 
that GTP or ITP should be more efficient in promoting this 
stimulation than ATP. This was clearly not the case. More- 
over, direct analysis reported elsewhere (8) revealed the presence 
of no measurable amounts of phosphoenolpyruvate in the ATP- 
restored system; the lower limit of the assay was 5 x 10-7 Mo. 

Oxaloacetic Carboxylase as Potential Competitor with Succinozi- 
dase—It was concluded in a previous paper (1) that the a-keto- 
glutarate-linked substrate level phosphorylation takes place in 
a special compartment within the mitochondrion, yielding ATP, 
which does not freely communicate with ATP originating from 
respiratory chain phosphorylations. Evidence was presented 
that a large part of the endogenous ATP found in isolated liver 
mitochondria may be located in this compartment. The re- 
moval of high energy phosphate from this compartment was 
proposed to proceed via a number of alternative mechanisms. 
One of these involved the oxaloacetic carboxylase reaction, 
whereas another mechanism was visualized to act via the acti- 
vation of succinate oxidation, according to the concepts devel- 
oped in the present paper. It was pointed out that both of 
these reactions may preferentially utilize high energy phosphate 
originating from the a-ketoglutarate-linked substrate level phos- 
phorylation, the former because of its nucleoside specificity, 
and the latter in view of its close metabolic relation to the 
oxidation of a-ketoglutarate. These considerations thus raise 
the possibility that an actively operating oxaloacetic carboxylase 
reaction may constitute a potential competitor with the mito- 
chondrial oxidation of succinate. This possibility is also stressed 
by the finding (Fig. 44 and (1)) that the inhibition of succinate 
oxidation, after preincubation of mitochondria with arsenate and 
Dicumarol, could be prevented by cysteine sulfinate, that is, 
by preventing an active operation of the oxaloacetic carboxylase 
reaction. Further indication of such a competition is found in 
the data of Tyler (20), who reported that ATP could remove the 
inhibition of succinate oxidation by added oxaloacetate in a 
kidney homogenate, without essentially lowering the concentra- 
tion of oxaloacetate. Tyler (20) concluded that this effect of 
ATP could be due to a transformation of oxaloacetate into a 
chelated form which does not inhibit succinic dehydrogenase. 
On the basis of the present hypothesis, it appears more probable 
that the added oxaloacetate in Tyler’s system caused an efficient 
removal of ATP from the mitochondria by way of the oxaloacetic 
carboxylase reaction, thus suppressing the activation of succi- 
nate oxidation, and that the role of added ATP was to compen- 
sate for this loss. In general, it would appear that caution is 


| 
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warranted in interpreting effects on succinate oxidation in mito- 
chondria, observed in connection with addition, formation, or 
removal of oxaloacetate, exclusively on the basis of the classical 
type of competitive inhibition of succinic dehydrogenase by 
oxaloacetate. 

Mechanism of Activation of Succinate Oxidation—Because 
succinate is known to be oxidized aerobically by different types 
of submitochondrial preparations without a requirement for 
high energy phosphate, it must be assumed that the activation 
phenomenon here observed is a reflection of an organized state 
of succinoxidase, present only above a certain level of structural 
integrity. This assumption is in line with the often stressed 
opinion (24-27) that the pathways, kinetics, or both, of the 
aerobic oxidation of succinate may be different in “‘phosphorylat- 
ing’ and “‘nonphosphorylating”’ succinoxidase preparations. A 
transitional decrease of the succinoxidase capacity during aging 
of isolated liver mitochondria was reported earlier from this 
laboratory (9). This decrease coincided with the loss of the 
phosphorylating capacity and could be eliminated by the addi- 
tion of ATP. 

The concept developed in the present work would seem to 
indicate that one of the differences between “phosphorylating” 
and “nonphosphorylating” succinoxidase systems may lie in 
the fact that whereas in the ‘‘nonphosphorylating”’ system, the 
aerobic oxidation of succinate proceeds over a number of electron 
carriers each of which possesses a higher potential than the pre- 
ceding one, in the “‘phosphorylating”’ system, 7.e. in the intact 
mitochondrion, the reaction is forced to proceed via a thermo- 
dynamically unfavorable stage involving an electron carrier 
(A), which for becoming reduced by electrons derived from 
succinate, requires an intervention of ATP. When this acti- 
vated, reduced carrier then is reoxidized by the subsequent 
carrier (B) in the respiratory chain, the invested ATP may be 
regenerated. A simple way of visualizing such a mechanism 
may be: 

Succinate + A + ATP — fumarate + AH ~ P + ADP (1) 
AH~P+8B+ADP—A4A + BH, + ATP (2) 


That the “nonphosphorylating”’ succinoxidase system does not 
involve this mechanism may be explained by assuming either 
that in this system the electrons from succinate can reach B 
directly (due to the removal of a structural barrier which must 
be circumvented by way of A in the intact system), or that A 
is present in a chemically modified form with an increased oxi- 
dation-reduction potential. 

The net process resulting from Reactions 1 and 2 implies 
neither a loss nor a gain of high energy phosphate. The pro- 
posed activation mechanism is thus without implication regard- 
ing the generally held concept that the aerobic oxidation of 
succinate gives rise to two net phosphorylations. The fact that 
no similar activation mechanism appears to be involved in the 
oxidation of DPN-linked substrates indicates that the carrier 
A ought to be located before or at, but not beyond, the point 
where the electrons from succinate enter the terminal respira- 
tory chain. Possible candidates for A would seem to be the 
diaphorase flavoprotein, a quinone, or a complex form of suc- 
cinic dehydrogenase; and for B, cytochrome 6. 

Studies conducted in collaboration with Klingenberg (8) re- 
vealed that the activation of succinate oxidation by ATP in the 
high energy phosphate-depleted mitochondria was parallelled 
by a reduction of the mitochondrial pyridine nucleotides. This 
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finding suggested that the high energy intermediate formed in 
the activation reaction was partly utilized for reducing DPN. 
With use of the present terminology, this reaction may be writ- 
ten as 


AH ~ P + DPN = A + DPNH + P; (3) 


which would thus represent an alternative reaction pathway for — 
AH ~ P in relation to Reaction 2. It is visualized, in other 
words, that the reduced, phosphorylated electron carrier, gep- 
erated at the expense of ATP in the activation of succinate 
oxidation, may be reoxidized, either by way of the terminal — 
respiratory chain with the regeneration of ATP, or, alternatively, 
by DPN with the liberation of P;, by way of a reversal of the | 
DPN-flavin-linked oxidative phosphorylation. 

It was assumed in the above discussion that the high energy 
intermediate, 4H ~ P, is a phosphorylated compound, and not, 
as also might be conceivable, a compound of the type AH ~ ] 
or X ~ I (cf. (5)). The basis for this assumption was the 
observation that the activation of succinate oxidation by ATP, 
as well as the accompanying reduction of the mitochondrial 
pyridine nucleotides (8), could clearly take place in the presence 
of dinitrophenol or Dicumarol, at concentrations of these agents 
which are known to fully uncouple respiratory chain phosphoryl- 
ation. A mechanism involving intermediates of the AH ~ P 
type, which allows energy from ATP to reach the level of the 
respiratory chain in the presence of uncoupling agents, has been 
proposed from this laboratory (28, 29); no similar mechanism 
involving intermediates of the 4H ~ / or X ~ J type has yet 
been suggested. 


SUMMARY 


Preincubation of rat liver mitochondria in a sucrose-KC! 
medium in the presence of 2 to 3 mM arsenate and 0.06 mm Di- 
cumarol or 0.1 mm 2,4-dinitrophenol for 3 to 4 minutes results _ 
in a marked depression of the succinoxidase capacity. No de- | 
pression is found when the preincubation is made in the presence 
of Amytal, cysteine sulfinate, or inorganic phosphate. Addi- 
tion of adenosine triphosphate after the preincubation stimulates 
succinate oxidation several-fold. The effect of adenosine tri- 
phosphate is not duplicated by cysteine sulfinate, inorganic 
phosphate, ethylenediaminetetraacetate, adenosine 5’-phosphate, 
cytidine triphosphate, uridine triphosphate, inosine triphosphate, 
or guanidine triphosphate. Similar results are obtained with 
mitochondria pretreated with dinitrophenol and adenosine 3- 
phosphate. 

The data are consistent with the conclusion that conditions 
leading to a depletion of the endogenous content of mitochon- 
drial high energy phosphate result in a reversible depression of 
the succinoxidase capacity. 

The concept is developed that the aerobic oxidation of succi- 
nate in intact liver mitochondria requires an activation by 
high energy phosphate. Some implications of this concept re- 
garding the enzymic organization of mitochondrial electron 
transport and oxidative phosphorylation are discussed. 
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During recent studies of oxidative phosphorylation in rat 
liver mitochondria (2, 3), we observed that preparations isolated 
with meticulous care catalyzed a significant uptake of inorganic 
orthophosphate in the absence of any added substrate.  Al- 
though incidental observations of endogenous activity of isolated 
mitochondria have been notéd by others (4-9), no extensive 
study of this phenomenon has been reported. Furthermore, in 
a previous communication concerned with the stability of oxida- 
tive phosphorylation in liver mitochondria (3), we suggested 
that the marked ability for endogenous aerobic phosphorylation 
exhibited by these particular preparations may be related to 
their stability. We have now studied the phosphorylation 
associated with endogenous substrates in greater detail, and the 
results are presented in this paper. Evidence was obtained 
which suggests that mitochondrial stability and the — of 
endogenous substrates are correlated. 


EXPERIMENTAL PROCEDURE 


Mitochondria—Liver mitochondria were isolated from Sprague- 
Dawley rats (180 to 200 g) in 0.25 m sucrose by a procedure 
adopted from the differential centrifugation technique of Schnei- 
der (10, cf. 3). The mitochondria were washed twice, and 
suspended finally in a volume of 0.25 mM sucrose so that each 
milliliter represented the mitochondria obtained from 1.0 g wet 
weight of tissue. The average N content determined by the 
micro-Kjeldahl technique was 3 mg per ml. 

Analytical Procedures—Acetoacetate was estimated by the 
method of Walker (11). ATP was determined either by meas- 
uring the glucose-6-P (12) formed in the presence of hexokinase 
and glucose, or by anion exchange chromatography (13). The 
techniques for determining oxidative phosphorylation and other 
pertinent experimental procedures were the same as those de- 
scribed previously (3). Experiments not involving manometry 
were conducted in open flasks in a Dubnoff metabolic shaking 
incubator. 


RESULTS 


Freshly isolated rat liver mitochondria, when incubated in 
reaction media commonly used in studies of oxidative phos- 
phorylation, catalyzed a substantial uptake of inorganic ortho- 
phosphate in the absence of any added exogenous substrate. In 


* Presented in part at the tenth Scandinavian Physiological 
Congress in Oslo, Norway, August 22 to 24, 1960 (1). 


Table I data are shown that indicate the magnitude of this 
activity as well as the stoichiometric agreement that was ob- 
tained in some experiments when the endogenous values were 
subtracted from those observed with added substrate. However, 
a puzzling feature of the endogenous activity was that although 
the phosphate uptake was consistent among different prepara- 
tions of mitochondria, the oxygen consumption was extremely 
erratic. Indeed, in a few experiments there was little or no 
measurable oxygen consumption, which precluded the calcula- 
tion of valid P to O ratios. The explanation for the erratic 
behavior of the endogenous respiration may reside in the inherent 
inaccuracies of manometry. The average values obtained in 21 
experiments of the type summarized in Table I were: P to 0 
ratio, 2.3 + 0.5! with oxygen values of 1.7 + 0.2 watoms per mg 
of N, and net phosphate uptake of 3.9 + 0.3 wmoles per mg of N. 

It was clearly established by experiments conducted anaero- 
bically and with inhibitors (see Table IV) that the endogenous 
phosphorylation is aerobic. 

Equivalence of Net P; Uptake and ATP Formation—The data 
of Table II, obtained by two independent methods of assay, 
show that the phosphate taken up in the absence of added sub- 
strate was incorporated into ATP. Excellent stoichiometric 
agreement was obtained in both types of experiments for the 
net P; taken up and ATP formed. The presence of 0.02 m 
fluoride in the first experiment, and the omission of hexokinase- 
glucose in the second, although partially inhibiting the endoge- 
nous phosphorylation, had no effect on the stoichiometry (¢f. 
Tables III and IV). 

Requirements for Endogenous Phosphorylation—Table Ill 
indicates the components of the assay medium which were 
necessary for demonstrating maximal endogenous phosphoryla- 
tion. When cytochrome c or DPN or both were omitted, there 
was a small but reproducible decline in activity. Addition of 
these cofactors in concentrations higher than those listed had 
no further beneficial effect. A marked decline in phosphate 
uptake was observed when hexokinase and glucose were omitted. 
Control experiments showed that neither glucose nor the hexo- 
kinase preparations? were serving as substrates. The addition 
of Mg++ was an absolute requirement for the demonstration of 


1 Mean + the standard error. 


2 Hexokinase preparations from several different commercial - 


sources, as well as the extensively dialyzed Sigma Type IV hexo- 
kinase, gave identical results. Added glucose, fructose, or lac- 
tose alone did not enhance the endogenous activity. 
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TABLE 
Endogenous phosphorylation 
Each flask contained: 80 wmoles of glycylglycine buffer, pH 
7.4; 20 or 30 uzmoles of orthophosphate, pH 7.4; 5 wymoles of ADP; 
5 umoles of DPN; 0.03 umole of cytochrome c; 50 uwmoles of glu- 
cose; 0.5 mg of hexokinase (Sigma, Type III); 10 umoles of MgCl:; 
and 0.5 ml of mitochondria in a final volume of 2 ml. pDL-@- 
Hydroxybutyrate (50 wmoles) was added only where indicated. 
Incubated in air for 20 minutes at 30°. Other details given in 


reference 3. 
| | Aceto- Phos- | 
Oxygen PtoO 
Added substrate | acetate phate 
| uptake formed uptake vate 
| 
_patoms/  ymoles/ | wmoles/ 
mgN mg N mg N | 
g-Hydroxybutyrate..............) 8.5 5.3 22.0 2.6 
Substrate minus endogenous = «5.4 5.3 16.3 3.0 
TABLE II 


Stoichiometry of net phosphate uptake and ATP formation 


In Experiment 1 the assay medium was the same as given in 
Table I for endogenous phosphorylation. The ATP formed was 
determined as glucose-6-P (12). In Experiment 2, hexokinase 
and glucose were omitted from the incubation media in order to 
determine directly by anion exchange chromatography (13) the 
ATP formed. The chromatography was performed in the cold 
room at 5° before and after incubation of the mitochondria (1.7 
mg of N) in the assay media at 30°. Pj; was estimated colori- 
metrically (3). Note that the values are expressed in umoles 
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Nature of Endogenous Substrate(s)—The endogenous substrate 
is firmly bound to mitochondria and cannot be removed by 
simple washing procedures. Thus, mitochondria which were 
washed 1 to 4 times exhibited the same net phosphate uptake 
per mg of N as those which were unwashed. Other pretreat- 
ments such as freezing and thawing (Table IV), or incubation 
of the mitochondria with phosphate (Table VI) either release 


TABLE III 


Effects of reaction medium components 


The complete system contained buffer, P;, ADP, DPN, cyto- 
chrome c, hexokinase, glucose, Mg*t*, and mitochondria in the 


same concentrations as given in Table I. 


The plasma albumin 


preparations were dialyzed against a 1000-fold excess of distilled 


HO at 5° for 24 hours. In these tests, 6.0 mg were added. 


Experiment No. | Conditions 
| pmoles/mg N 

1 Complete system 3.9 
Cytochrome c omitted | 3.3 

2 Complete | 4.7 
DPN omitted | 3.5 

3 Complete | 4.2 
Hexokinase and glucose omitted | 1.5 
Boiled hexokinase added 1.8 

4 Complete, except for hexokinase and 1.8 

glucose 

Mg** omitted 0 

5 Complete 3.9 
Bovine plasma albumin* 5.6 
Human plasma albumin, Fraction Vf 6.1 
Egg albumin 4.4 


only. 
| ATP 
Experi- Incuba- 
ment Conditions tion ADP Pj 
cose 6-P phy 
min | pmoles | pmoles pmoles 
1 | Complete system 20 7:41 72 
Complete system + 20 5.7 | 5.9 
0.02 m fluoride 
2 | Complete system — 0 4.4 | 20.0 0 
hexokinase-glucose 20 1.5 | 16.8 3.1 
A 2.9 3.2 3.1 


net phosphate uptake. Metals which could not replace Mg++ 
when added in equimolar amounts were Mn++, Ca++, Cot+, and 
Zn**. The addition of dialyzed human or bovine plasma albu- 
min enhanced the endogenous phosphorylation, whereas egg 
albumin was ineffective. Although the action of plasma albu- 
min was not investigated further, the effect may be related to its 
ability to bind an uncoupler of oxidative phosphorylation re- 
leased from mitochondria (14). 

Effects of Inhibitors—In Table IV findings on the action of a 
variety of inhibitors on the endogenous phosphorylation are 
summarized, including the effect of freezing and thawing. It is 
seen that complete inhibition was obtained with agents which 
uncouple oxidative phosphorylation, as well as with cyanide, 
azide, and Amytal. The inhibition by Amytal strongly suggests 
that the internal substrates are oxidized via pyridine nucleotide 
(15). The lack of inhibition by pu-glyceraldehyde (16) and 
2-deoxyglucose (17) was further evidence that the phosphoryla- 
tion was not linked to glycolysis. 


* Crystalline, Armour Laboratories. 


t We are indebted to Dr. John Finlayson of the Division of 
Biological Standards for a gift of this material, and for his aid in 


the dialysis experiment. 


TABLE IV 


Effect of inhibitors on endogenous phosphorylation 


The assay conditions were the same as given in Table I. 


Addition Concentration Inhibition 

M % 
Pentachlorophenol.................... 5 X 10-5 100 
5 X 10-6 100 
100 
Freezing and thawing................. 100 
lodoacetamide....................... 5 X 70 
1 X 10°? 50 
pL-Glyceraldehyde.................... 5 X 10-4 0 
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Fic. 1. Depletion of endogenous substrate. The conditions 
for determining the net P; uptake (expressed here as wmoles) were 
the same as those described in Table I, except that the incubation 
temperature was 37°. BOH, p.-8-hydroxybutyrate. Other de- 
tails are given in the text. 


TABLE V 
Endogenous activity and mitochondrial stability 


The mitochondria were isolated essentially by the same pro- 
cedure used for liver (cf. 2, 3). Each milliliter of the final sus- 
pensions represented 1 g of fresh tissue. The conditions for the 
determination of endogenous activity were identical to those 
givenin Table I. In these experiments, the values found for the 
other tissues were compared to those for liver = 100. In the 
evaluation of stability, the P to O ratios with succinate as sub- 
strate were determined with fresh mitochondria, and again after 
the mitochondria were stored for 24 hours at 5°. The initial 
P to O ratios were 1.7 or higher with all the tissues tested. 


Relative endog- 
Tissue nen activity Stability 

% of initial 

P/O values 


* Net phosphate uptake too low to be determined accurately 
by colorimetry. The isotope distribution technique (5, 21) was 
used in these tests. This technique was also used in confirma- 
tory tests with liver, kidney, and brain, and gave results which 
were identical with the colorimetric method. 


or otherwise make unavailable to the phosphorylation sites the 
endogenous substrate or cofactors necessary for its utilization. 
The data summarized in Fig. 1 show that the internal sub- 
strates were not exhausted in short term incubations, even at 
37°. The net phosphate uptake, which was proportional to the 
concentration of mitochondria, ceased after approximately 1 
hour. The cessation could mean either a depletion of endoge- 
nous substrate or inactivation of the phosphorylating enzymes. 
To test this point, 8-hydroxybutyrate was added as indicated. 
The mitochondria were capable of responding to the added 
substrate after 60 minutes (P to O ratio of 1.8), but not after 90 
minutes of incubation. The extent of the endogenous activity 
observed here makes it extremely unlikely that intramito- 
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chondrial reduced pyridine nucleotides are the primary sub- 
strates. 

Since substantial amounts of citrate are found in isolated 
mitochondria (18), the possibility was investigated that this 
compound serves as an endogenous substrate. However, the 
endogenous citrate of freshly isolated rat liver mitochondria? 
could no longer be detected in mitochondria which were incv- 
bated at 30° for 20 minutes. Yet when these pretreated mito- 
chondria were incubated under the conditions used to determine 
endogenous phosphorylation, phosphate uptake occurred. Thus, 
it is extremely unlikely that citrate is responsible for the endoge- 
nous phosphorylation. Furthermore, the incomplete inhibition 
of the endogenous phosphorylation obtained with malonate and 
fluoroacetate (Table IV) also suggests that tricarboxylic acid 
cycle intermediates are not the major intramitochondrial sub- 
strates. 

Among other possible intramitochondrial substrates are free 
fatty acids or phospholipids. Although we did not test directly 
for the utilization of these substances, there was no detectable 
formation of acetoacetate after long term incubations. Like- 
wise, the addition of coenzyme A to the incubation medium did 
not alter the amount of net phosphate uptake or lead to the 
formation of acetoacetate. On the other hand, the inhibitory 
effect of cinnamate and benzoate (Table IV), which inhibit the 
oxidation of exogenous fatty and amino acids (19, 20), may 
implicate fatty and amino acids as endogenous substrates. 

The endogenous activity was not altered in mitochondria 
isolated from rats which were fasted for 24 to 96 hours, or from 
mice which were fed a diet sufficiently rich in fats to produce 
fatty livers. 

Endogenous Activity and Mitochondrial Stability—Previously 
we had observed that a high rate of endogenous activity was 
characteristic of mitochondria which were stable to prolonged 
storage at 4° and other procedures generally considered to be 
detrimental (3). To test this point, mitochondria from tissues 
other than liver were assessed both for endogenous activity and 
for stability of oxidative phosphorylation with added substrate. 
It is clearly shown in Table V that mitochondria which exhibited 
the highest rate of endogenous phosphorylation were most 
stable to storage at 4°. It is likely that the relative stabilities 
of these mitochondria isolated from different tissues are indica- 
tive of varying degrees of damage incurred during their isolation, 
rather than of any intrinsic differences in their stability. 

Another approach to the possible relation of mitochondrial 
stability and endogenous phosphorylation is detailed in Table 
VI. In these experiments freshly isolated liver mitochondria 
were preincubated with phosphate under conditions that are 
known to cause leakage and destruction of pyridine nucleotides 
(22, 23). After this pretreatment, the preparations lost their 
capacity for endogenous phosphorylation,‘ although a substantial 
portion of the phosphorylation linked to the oxidation of added 
8-hydroxybutyrate was retained. The addition of either DPN 
or TPN failed to restore the endogenous activity. When these 
mitochondria were reassayed after storage for 24 hours, the 
control preparations showed only a small loss of stability for 


’ Citrate was estimated by a modification of the pentabromo- 
acetone procedure (18). The average value of 12 mitochondrial 
preparations was 33 yg of citric acid per g of fresh liver. Fluoro- 
acetate was not used in these experiments. 

‘ Independent tests revealed the swelling of phosphate-treated 
mitochondria as well as the loss of E29 absorbing material (cf. 22). 
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TABLE VI 


Effect of preincubation with phosphate on endogenous activity and 
stability of mitochondria 

The mitochondrial suspensions after the first washing were 
divided into two equal portions and centrifuged. One pellet was 
suspended in 0.25 mM sucrose containing 0.02 m phosphate, pH 7.4, 
and the other was taken up in 0.25 m sucrose alone (control). 
Both suspensions were incubated at 30° for 10 minutes. The 
mitochondria were resedimented, the supernatant fluid was dis- 
carded, and each preparation was resuspended in 0.25 M sucrose. 
The phosphate uptake was determined under conditions described 


in Table I. The preparations were stored at 5° for 24 hours and 
reassaved. 
Net phosphate uptake* 
Experimental conditions | 
| Fresh After 24 hrs 
Control | 
| 17.9 13.9 22 
Pretreated with 0.02 m phosphate | 
Endogenous..................... 1.8T 
9.4 3.2 66 


* The values are expressed as upmoles per mg of mitochondrial N. 
+ Represents an increase in P; over the zero time level. 


phosphorylation coupled to oxidation of added substrate (cf. 3), 
but the phosphate-treated mitochondria, in which endogenous 
activity was abolished in the fresh preparations, revealed a 
much larger loss in stability. Furthermore, freezing and thawing 
of mitochondria, which eliminated the endogenous activity, also 
accelerated the decline in oxidative phosphorylation exhibited 
in stored preparations (3). 


DISCUSSION 


The findings summarized in this paper reveal that carefully 
isolated rat liver mitochondria have the capacity to catalyze a 
substantial uptake of phosphate coupled to the oxidation of 
endogenous substrates. Although the identity of these sub- 
strates remains unknown, the large extent of the endogenous 
phosphorylation suggests that the phospholipid fraction of the 
mitochondria may be the endogenous substrate. Other results, 
such as the effect of inhibitors (Table IV), are compatible with 
this suggestion. 

A particularly interesting aspect of these studies is the possible 
correlation of high endogenous activity with mitochondrial 


stability. The term ‘mitochondrial stability” is used here to. 


indicate the capacity of isolated mitochondria to catalyze, after 
prolonged storage, oxidative phosphorylation in the presence of 
added substrate. It has been shown that mitochondria isolated 
under carefully controlled conditions retain varying amounts of 
endogenous substrates, from which presumably high energy 
phosphate intermediates can be generated. These intermediates 
directly, or indirectly through ATP synthesis, may contribute 
to the maintenance of mitochondrial integrity during storage. 
Thus, it is plausible that mitochondria which initially contain 
large amounts of endogenous substrates will retain their capacity 
for oxidative phosphorylation for longer periods than those with 
lesser amounts. In addition, it should be noted that the presence 
of varying amounts of internal substrates may affect such ancil- 
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lary phenomena as mitochondrial swelling (24, 25), and deple- 
tion of high energy intermediates (26). 


SUMMARY 


1. Mitochondria, carefully isolated from rat liver by differ- 
ential centrifugation in 0.25 mM sucrose, when incubated in media 
containing the usual cofactors of oxidative phosphorylation, 
catalyzed a substantial uptake of inorganic orthophosphate in 
the absence of added exogenous substrate. Excellent stoichiom- 
etry was obtained for the net uptake of phosphate and the 
formation of adenosine triphosphate. 

2. This uptake, attributable to the utilization of unknown 
endogenous substrates, is considerably greater than has been 
observed previously, and it is abolished by anaerobiosis, cyanide, 
Amytal, and agents which uncouple oxidative phosphorylation. 

3. There was a positive correlation between the endogenous 
activity and the stability of phosphorylation coupled to oxida- 
tion of added substrate in mitochondria isolated from different 
tissues. 

4. Various pretreatments of liver mitochondria which abolish 
the endogenous phosphorylation also accelerated the decline 
in stability of oxidative phosphorylation with added substrates. 

5. It is suggested that the capacity for endogenous phos- 
phorylation exhibited by these mitochondria is related to their 
stability. 


Acknowledgment—It is a pleasure to thank Dr. Karl A. Schel- 
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tography and isotopic distribution experiments. 
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Horse liver aleohol dehydrogenase is a nonspecific enzyme (1). 
It has been observed by Kaplan and Ciotti (2) that the enzyme 
catalyzes a transfer of hydrogen from ethanol to pyridine 3-alde- 
hyde. We have found that the enzyme catalyzes a rapid inter- 
conversion of lactaldehyde to acetol. The evidence suggests that 
this isomerization proceeds through an oxidation-reduction proc- 
ess similar to that observed by Kaplan and Ciotti. The present 
paper describes this reaction. 


EXPERIMENTAL PROCEDURE 


Lactaldehyde was prepared by the ninhydrin treatment of 
threonine (3). Acetol, methylglyoxal, and glyceraldehyde-3-P 
were commercial preparations. 

Crystalline glyoxalase I was prepared by the method of Racker 
(4), and aldehyde oxidase as described by Mahler (5). The en- 
zymes, crystalline horse liver alcohol dehydrogenase, crystalline 
catalase, crystalline rabbit muscle lactic dehydrogenase, and xan- 


thine oxidase were purchased from the Worthington Biochemical 
Corporation. 


Crystalline yeast alcohol dehydrogenase and crys- 
talline a-glycero-P dehydrogenase were obtained from C. F. 
Boehringer and Sons. 

Acetol was determined by its ability to form formaldehyde on 
periodate oxidation, as described for the determination of polyols 
(6). DL-Propanediol served as standard. Dihydroxyacetone 
phosphate can be determined in the presence of glyceraldehyde- 
3-P by the same procedure. Reducing power was determined by 
the Nelson-Somogyi method (7), methylglyoxal as described by 
Dische and Robbins (8), and lactic acid according to Barker and 
Summerson (9). Standard Warburg techniques were used. 


RESULTS 


When lactaldehyde was incubated with horse liver aleohol de- 
hydrogenase and catalytic quantities of DPN, there was a rapid 
formation of a product which yielded formaldehyde on periodate 
oxidation. This reaction was completely dependent on enzyme 
and DPN, and was markedly stimulated by phosphate (Table I). 
Dialysis or reprecipitation of the alcohol dehydrogenase did not 
alter these findings. 

The reaction had a moderately sharp optimum at pH 10.0. 
However, even at pH 7.6, the reaction proceeded at 40% of the 


_*Supported by grant #* G-5833 of the National Science Founda- 
tion. 
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maximum. Because lactaldehyde, acetol, and triosephosphates 
were more stable at this pH than at pH 10.0, this was the usual 
pH selected for experiments. At pH 6.0 and pH 11.0, the rate 
of reaction was only a small percentage of the maximum. 

The reaction was proportional to the enzyme concentration. 
The reaction saturated at DPN concentration of 1.2 « 10-4 Mm 
and at lactaldehyde concentrations of 5 X 10-3 m. Higher con- 
centrations of lactaldehyde and DPN inhibited the reaction. 
The A,, for DPN was found to be 2 X 10~-* moles per liter. This 
can be compared with a K,, for DPN of 3 & 10~-* moles per liter 
when measured in the usual alcohol dehydrogenase assay. 

Identification of Acetol—Acetol was identified as the product 
formed enzymatically from lactaldehyde on the following bases. 
The reaction proceeded virtually to completion, yielding 1 mole 
equivalent of formaldehyde per mole of lactaldehyde. The reac- 
tion mixture retained its reducing power. From a large scale 
reaction mixture, methylglyoxal _bis-dinitrophenylhydrazone 
could be isolated. This compound was judged from its charac- 
teristic infrared absorption to be identical with the derivative ob- 
tained from authentic acetol. No methylglyoxal could be 
demonstrated by chemical analysis to be present in the initial 
reaction mixture. 

Specificity of Reaction—By preparing the lactaldehyde from 
D,L- or DL-threonine, L-, D-, or DL-lactaldehyde was obtained. 
Surprisingly enough, no difference in rate of conversion to acetol 
was found in the three forms of lactaldehyde. Glyceraldehyde 
was not converted to dihydroxyacetone, as judged by the lack of 
increase of formaldehyde-forming material and by paper chro- 
matographic examination of the reaction mixture. However, 
glyceraldehyde-3-P was attacked even more rapidly than was 
lactaldehyde, as judged by the appearance of formaldehyde after 
periodate oxidation. The product from the glyceraldehyde-3-P 
was dihydroxyacetone phosphate, as judged by the reactivity of 
the product with a-glycero-P dehydrogenase and DPNH. 

The coenzyme specificity of the conversion of lactaldehyde to 
acetol is similar to that expected for horse liver alcohol dehy- 
drogenase (10), although some differences exist. Thus, when the 
rate with DPN is arbitrarily assigned 100%, the percentage of 
rate of the analogues at 7 X 10-4 M is as follows: deamino-DPN, 
113; acetylpyridine-DPN, 67; pyridine 3-aldehyde-DPN, 24; and 
TPN, inactive. DPNH reacts at 88% of the rate of DPN. 
When the analogues of DPN are tested in the usual ethanol de- 
hydrogenation system, acetylpyridine-DPN reacts with 300% 
the rate of DPN, at an ethanol concentration of 10-?m. Pyridine 
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TABLE [ 
Requirements for conversion of lactaldehyde to acetol 

The complete system included: 100 gwmoles of glycylglycine, pH 
7.6; 0.07 umole of DPN; 10 wmoles of pi-lactaldehyde, and 30 ug 
of horse liver aleohol dehydrogenase. Final volume,2.0ml. The 
incubation time was 15 minutes at 37°. At the end of that time, 
0.1 ml was withdrawn and assayed by the method of Bailey (6) 
without prior deproteinization. 


Omissions from reaction mixture _ Formaldehyde formed 


pmoles 

System minus alcohol dehydrogenase. ....... | 0 

6.67 


Phosphate instead of glvevlglvcine......._.. | 


TaB_Le II 
Attempted demonstration of formation of DPNH and methylglyozxal 
The reaction mixture included: 11.8 wmoles of p-lactaldehyde; 
500 umoles of phosphate buffer, pH 7.6; 0.15 umole of DPN; and 
10 wg of aleohol dehydrogenase. Final volume, 2.0 ml. The fol- 
lowing concentrations of additives were used when added: gluta- 
thione, 100 uwmoles; glyoxalase. I, 200 ug; sodium pyruvate, 10 

umoles; lactic dehydrogenase, 200 ug. 


Additions | Acetol formed 
pmoles/hour 
Experiment 1 | 

Glvoxalase + glutathione................. | 7.14 
Experiment 2 
Lactic dehydrogenase..................... 5.48 
Sodium pyruvate + lactic dehydrogenase. . 3.78 


TaBLe III 
Reversal of acetol-lactaldehyde interconversion 


Warburg vessel contained: 15 ywmoles of acetol; 1000 
umoles of phosphate buffer, pH 7.6; 0.065 umole of DPN; 150 ug 
of horse liver alcohol dehydrogenase; 1 wg of catalase; and 4 
indophenol units of aldehyde oxidase. Final volume, 3.0 ml. 
The reaction was started by tipping acetol and DPN from the 
side arm. The temperature used was 37°, the gas phase, air. At 
the end of 4 hours of incubation, the contents of the flasks were 
deproteinized with trichloroacetic acid and analyzed for lactic 
acid. 


Omission from vessel Oz uptake ore 
pmoles 
System minus alcohol dehydrogenase. _ 1.08 3.23° 
System minus acetol.................. | 0 
System minus aldehyde oxidase. ...... | 0 0.63 


*The aldehyde oxidase was somewhat contaminated with 
aleohol dehydrogenase. 
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3-aldehyde-DPN reacts at 30% of the rate of DPN under those 


conditions. 
Evidence for Mechanism of Reaction—Inasmuch as the reaction 


has an absolute requirement for DPN, it is logical to assume that 


the reaction proceeds through reversible oxidation-reduction. [If 
so, the intermediates, DPNH and methylglyoxal, should be iden. 
tifiable. 


The presence of DPNH has been demonstrated by in. | 


clusion of a large quantity of pyruvate and lactic dehydrogenage . 


in the regular reaction mixture. 
cates a trapping of reduced DPN. 


The inhibition observed indi. | 
However, similar experiments 


in which it was attempted to trap methylglyoxal with glyoxalase _ 


and glutathione have been unsuccessful. 
trated in Table II. It has been equally impossible to demon. 


strate methylglyoxal chemically, although the sensitivity of the 


test is such that as little as 1% of the concentration of DPN 
should be detectable. 


However, both lactaldehyde and acetol are, as expected, ex. | 


cellent substrates for alcohol dehydrogenase, and at substrate 
concentrations of DPN, both are readily oxidized to methyl. 
glyoxal. It is of special interest that the isomerization reaction 
is not catalyzed at all by yeast alcohol dehydrogenase, even at 
high enzyme concentrations (up to 1 mg per ml was tested), 
Yet, lactaldehyde, acetol, methylglyoxal, and propanediol are al] 
good substrates for both aleohol dehydrogenases. 

Reversibility of Reaction—As mentioned before, the reaction 
proceeds virtually to completion from lactaldehyde to acetol. 
Therefore, it is impossible to decide chemically whether or not an 
equilibrium is reached. That the reaction is reversible can be 


These points are illus. © 


demonstrated by enzymatic conversion to lactic acid of the lactal- — 


dehyde formed from acetol. 
purpose is not indicated because lactaldehyde is a much poorer 
substrate for this enzyme than is DPNH, so that the product from 
a mixture containing acetol, DPN, alcohol dehydrogenase, and 
xanthine oxidase is not lactic acid but, presumably, pyruvic acid. 
However, lactaldehyde is an excellent substrate for pig liver alde- 
hyde oxidase, an enzyme which will not attack DPNH (5). With 
the use of this enzyme, reversibility could be demonstrated (Ta. 
ble III), although the reaction is very slow. 


DISCUSSION 


Although it is impossible to state with certainty at this time 
whether the conversion of lactaldehyde to acetol is a test tube 
artifact or a physiological reaction, the recent discoveries in the 
metabolism of these compounds (11-13) make the reaction plausi- 
ble as a link in the interconversions of these metabolites. It is 
even more remarkable that the enzyme can act as a triosephos- 
phate isomerase. This reaction should occur physiologically, in- 
asmuch as all components are present in liver. The equilibrium 
lies far in favor of ketose formation, as does the equilibrium found 
in tissues. In attempts to ascertain the level of triosephosphate 
isomerase in liver, one will have to take into account the catalytic 
activity of the alcohol dehydrogenase. The isomerization 1s 
quite rapid, with a turnover number of 2200 moles per minute 
per mole of protein. This is roughly eight times the rate of 
ethanol oxidation under standard conditions. 

It is curious that no methylglyoxal can be detected as an inter- 
mediate, even at alkaline pH values, at which a measurable frac- 
tion of net oxidation should occur. 
the level of methylglyoxal must be less than 1% of the amount 
of DPN present. It is likely, therefore, that although a definite 


The use of xanthine oxidase for this _ 


Even under these conditions, — 
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equilibrium between DPN and DPNH results during the reac- 
tion, methylglyoxal remains bound to the enzyme. 

Attempts have been made to see whether equal proportions of 
propanedio] and methylglyoxal would result in acetol. How- 
ever, only the dismutation reaction of aldehydes (14) takes place 

One interesting calculation can be made. If we assume that 
the equilibrium between lactaldehyde and methylglyoxal is simi- 
lar to that of 2-propanol and acetone, the equilibrium constant 
would be (15): 


K, = (methylglvoxal) (DPNH) (H*)/ 
(lactaldehvde) (DPN) = 7.2 


If we assume that the equilibrium between acetol and methyl- 
glyoxal is similar to that found between ethanol and acetalde- 
hyde, the equilibrium constant would be: 


= (methylglyoxal) (DPNH) (H*)/ 
(acetol) (DPN) = 1.6 & 10°" 


Then the equilibrium constant for the isomerization reaction is: 
K = Ki/K2 = (acetol)/(lactaldehyvde) = 450 
This is in agreement with the nearly complete conversion found 
in these experiments. 
SUMMARY 


Crystalline horse liver alcoho] dehydrogenase, in contrast to 
yeast alcohol dehydrogenase, is found to convert lactaldehyde 
rapidly to acetol and glyceraldehyde 3-phosphate to dihydroxy- 
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acetone phosphate. The reaction proceeds at a rate at least 


eight times that of ethanol oxidation. 

The reversibility of the reaction permits the enzyme to act as 
an isomerase. The reaction probably proceeds through oxida- 
tion and reduction of diphosphopyridine nucleotide. 
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It is currently held that mitochondrial pyridine nucleotide is 
reducible only by those dehydrogenase reactions in which the free 
energy change involved in the oxidation of substrate provides 
the energy needed for the reduction of pyridine nucleotide (1-3): 


DPN* + AH, = DPNH + H*++ A (1) 


Such a reaction has been the basis of thermodynamic arguments 
for the participation of pyridine nucleotide in the energetics of 
biological reactions (3). Although the possibility of energy- 
linked reversal of electron transfer has been proposed (4), experi- 
mental support has previously been unavailable.!. These data 
now indicate a broader function for pyridine nucleotide in 
biological oxidations in which the reductant couple (A’H. — <A’) 
affords insufficient free energy to reduce pyridine nucleotide, the 
driving force being high energy intermediates present in the 
mitochondria (5-7): 


DPN*+ + + X ~ I = DPNH + Ht + A’+X4+T1 (2) 


In a reaction of this type, a hypothetical high energy inter- 
mediate of oxidative phosphorylation (X ~ I) provides the 
energy required by the difference in oxidation-reduction potential 
between the A’H, — A’ couple and that of the pyridine nu- 
cleotide couple. 

Furthermore, A’H. may be a carrier of the respiratory chain, 
for example, flavoprotein: 


DPN* + reduced flavoprotein + X ~I1= (3) 
DPNH + H* + flavoprotein + X + I 


The reversal of electron transfer causing pyridine nucleotide re- 
duction implies the oxidation of an adjacent carrier of the respira- 
tory chain. 

Although previous attempts to demonstrate direct interaction 
of adenosine triphosphate with the respiratory carriers (Equation 
3) failed (8), there has been recent success in demonstrating a re- 
quirement for ATP itself in the reduction of pyridine nucleotide 


* This research has been supported in part by a grant from the 
National Science Foundation. 

+ Permanent address, Department of Pharmacology, University 
of Lund, Lund, Sweden. 

1 The increased reduction of pyridine nucleotide on adding suc- 
cinate to liver mitochondria in state 1 was first observed in experi- 
ments conducted jointly with Dr. G. R. Williams in 1953, but clear 
evidence for the energy requirement was not obtained until some 
time later. 


(9) and a generalized reversal of electron transfer in the respira- 
tory chain by means of high energy intermediates produced by 
ATP. Under appropriate conditions, ATP-induced oxidations 
of cytochromes c, a, and a3 have been observed (12, 13). 

This paper considers spectroscopic and fluorometric measure- 
ments of the kinetics of oxidation and reduction of mitochondrial 
pyridine nucleotide in the presence of succinate and their de- 
pendence upon the concentrations of adenosine diphosphate, 
phosphate, and oxygen in a variety of mitochondrial prepara- 
tions from different materials. In rat liver mitochondria it is 
difficult to distinguish the effect of succinate upon pyridine nu- 
cleotide reduction from that caused by 8-hydroxybutyrate be- 
cause of the preponderance of triphospho- over diphosphopyri- 
dine nucleotide in this material (14, 15). The converse is true 
of guinea pig kidney and rat heart mitochondria (16) which are, 
consequently, excellently suited for a study of this reaction. 

The remarkably greater effect of succinate upon the reduction 
of mitochondrial pyridine nucleotide as compared with that of 
the usual pyridine nucleotide-linked substrates (malate, gluta- 
mate, and 8-hydroxybutyrate) is also considered to some extent, 
as is direct evidence for a compartmentation of the respiratory 
chain’s pyridine nucleotide in the natural structures (cristae 
and matrices) of the mitochondria. 

Other papers in this series concern the energy-linked oxidation 
of cytochromes (17), the substrate specificity of the pyridine 
nucleotide-linked reduction reaction (18), the pathway of electron 
transfer involved in pyridine nucleotide reduction (19), the en- 
ergy transfer pathway (20), and the efficiency of the interaction 
of energy and electron transfer reactions (21). 

The energy-linked reduction of pyridine nucleotide has been 
confirmed by both spectroscopic (16, 22) and chemical (16, 
23-27) determinations and has also been observed in mitochon- 
dria isolated from ascites tumor cells (28). Azzone and Ernster 


2 Lundeg&rdh (10) has reported an effect of ATP (and fumarate) 
upon the interaction of cytochromes b and ‘‘dh’’ in anaerobic 
wheat roots, cytochrome ‘‘dh’’ being ‘‘... turned over into a 
state of strong reduction under the influence of ATP (and fuma- 
rate), simultaneously, with cytochrome 6 remaining more oxi- 
dized.’’ Interpretation of this result is necessarily inconclusive 
since the existence of cytochrome ‘“‘dh’”’ in wheat roots, other plant 
tissues, and animal tissues has not been confirmed, either else- 
where (11), or in this laboratory, where wheat root mitochondria 
have been studied by liquid nitrogen spectroscopy (B. Chance 
and W. D. Bonner, Jr., unpublished observations). 
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(29), Azzone (30), and Williams (31, 32) have observed an ATP 
activation of succinate oxidation in mitochondria pretreated 
with uncoupling agents; the former (29, 30) attribute this to an 
activated form of succinate which may participate in pyridine 
nucleotide reduction. However, such a supposition appears 
premature in view of the possibility that oxaloacetate or a re- 
lated substance may inhibit succinate oxidation in these mito- 
chondrial systems (33, 34). 

Biicher and Klingenberg (22, 35) have observed the reduction 
of pyridine nucleotide in the flight muscle mitochondria of locust 
upon addition of glycerol-1-P and Klingenberg et al. (16) have 
considered the need for energy expenditure in this reaction. 
More recently Klingenberg has demonstrated an ATP inhibition 
of respiration in mitochondria prepared from rat skeletal muscle 
(36). In the latter experiments, pyridine nucleotide reduction 
was observed to be coincident with the inhibition of respiration 
and some changes in the states of cytochromes 6b and c were also 
noted (36). Klingenberg has pointed out, however, that these 
studies probably did not involve a reversal of electron transfer 
but only a change of steady state resulting from an inhibition of 
electron transfer (36). 

The phenomenon of energy-linked reduction of pyridine nu- 
cleotide appears to be a general one in mitochondria, affording 
a means of converting the energy change of the substrate at a 
higher oxidation potential to that of pyridine nucleotide at a 
lower potential. Such a mechanism provides new possibilities 
for utilizing free energy changes at various oxidation-reduction 
potentials to drive synthesis and transport. 


EXPERIMENTAL PROCEDURE 


Mitochondrial Preparations—Rat liver, rat and pigeon heart, 
guinea pig kidney, and flight muscle (.Wusca domestica) mito- 
chondria were prepared as described elsewhere (37-41). 

Measurements of the concentrations of the respiratory en- 
zymes were based on the state 2-to-5 change*® (oxidized to re- 
duced) and were made by direct spectrophotometric methods 
with the use of appropriate wave length pairs and currently 
available extinction coefficients (43). 

Protein concentrations were usually determined by the biuret 
method. The usual amounts of cytochrome present were: 
2.4 X 10-” moles of cytochrome a per mg of protein (guinea pig 
kidney mitochondria), 5.6 X 10- moles of cytochrome a per mg 
of protein (rat heart mitochondria) (44), and 14 x 10-"” moles 
of cytochrome ¢ per mg of protein (pigeon heart mitochondria). 

DPNH and TPNH were assayed by the method of Ciotti and 
Kaplan (45).4 An ice-cold suspension of mitochondria (35 mg 
of mitochondrial protein per ml) was treated with 10 mm suc- 
cinate and blown rapidly into sodium carbonate at 96° to a final 
concentration of 0.10 Mm. After 3 minutes of continued heating, 
the suspension was cooled and diluted into phosphate (pH 7.5) 
to a final concentration of 0.6 M phosphate. The suspension was 
then directly assayed for DPNH in the double beam spectro- 
photometer (46, 47) by addition of 25 mm acetaldehyde and 
~10 ug yeast alcohol dehydrogenase. Provided adequate time 


* In measuring pyridine nucleotide reduction with succinate as 
substrate, the state 2-to-4 transition can be used. Five metabolic 
states were differentiated by Chance and Williams (2) on the basis 
of the presence of oxygen, substrate, and ADP plus phosphate, 
the most important being those of starvation (state 2), active 
metabolism (state 3), rest or slow metabolism (controlled state, 
state 4), and anaerobiosis (state 5) (ef. also (42)). 

‘J. L. Purvis, unpublished data. 
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was allowed for equilibrium to be established, somewhat lower 
or considerably higher enzyme concentrations gave the same 
result. The absorbancy changes were measured at 340 my® with 
374 my as a reference wave length (340-374 my) to avoid 
difficulties caused by the flocculent precipitate present in the 
cuvette. After DPNH had been oxidized, TPNH was assayed 
by the addition of glutathione and glutathione reductase (45). 

In guinea pig kidney mitochondria, the phosphorylation effi- 
ciency was high (40) and respiratory activity (25°, succinate as 
substrate) corresponded to (Ay). = 670° or (TN). (turnover 
number of cytochrome c) = 51 sec! (Qo,) ~ 250 wl per hour 
per mg of protein. 

In pigeon heart mitochondria, respiratory activity corre- 
sponded to (TN). = ~6 sec™!, and the P:O and respiratory 
control ratios were high (39, 42). 

Reaction Media—The following reaction media were used: (a) 
for rat liver and guinea pig kidney mitochondria, ‘isotonic 
salts” (fluoride-free) (37) or ‘‘sucrose-phosphate-magnesium”’ 
composed of 0.25 mM sucrose, 0.02 m phosphate (pH 7.4), and 
5 mM Mg**; (6) for rat heart, “sucrose Versene” (the di- 
sodium salt of ethylenediaminetetraacetic acid) composed of 
0.32 m sucrose, 10 mm KCl, 6.7 mm phosphate (pH 7.2), and 1 
mM Versene; (c) for flight muscle, 2% bovine serum albumin was 
added to the “sucrose-Versene’’ medium; and (d) for pigeon 
heart, ‘“‘mannitol-sucrose-Tris’”? composed of 0.23 mM mannitol, 
0.07 mM sucrose, and 0.02 m Tris (2-amino-2-hydroxymethyl-1:3 
propanediol) (pH 7.4) (39). 

The final volume of the solutions was 2.6 to 2.8 ml. 

Physical Methods—Kinetics of pyridine nucleotide reduction 
and oxygen utilization were measured simultaneously by the 
double beam spectrophotometer (46, 47) and the vibrating 
platinum microelectrode (48), respectively. 

To obtain concurrent records of the kinetics of pyridine nucleo- 
tide and cytochrome, particularly in the experiments in which 
reduction of these components occurred simultaneously, the 
fluorometric attachment to the double beam spectrophotometer 
(49) was used. The attachment consists of a mercury are lamp 
providing excitation of pyridine nucleotide fluorescence at 365 
my and measurement of fluorescence emission at 450 my, the 
wave lengths being selected by means of appropriate color and 
interference filters. The fluorometer was calibrated for the par- 
ticular conditions of the experiment in independent spectropho- 
tometric tests in which pyridine nucleotide reduction was meas- 
ured at 340-374 mu. Thus, the fluorometer was relied upon 
to be linear for only the changes of fluorescence caused by the 
oxidation and reduction of mitochondrial pyridine nucleotide. 

The fluorometric modification is particularly useful in studying 
heart mitochondria. In these mitochondria, the material ab- 
sorbing maximally at ~320 my (38) may interfere in the meas- 
urement of the amount of pyridine nucleotide reduced in the 
transition from aerobiosis to anaerobiosis. Such interference 
may be avoided by measuring the state 4-to-3 transition (38), 
but possible errors in measurements at 340 mu have been noted 
by Klingenberg et al. (16). 


5 The extinction coefficient used is 4.4 em~™! K mm. It was 
not previously made clear (41) that Ae must be corrected for the 
absorption at 374 mu. 


MO,/sec 

(K4)- = 
550—540 
4(K). X 19 

1000 


(AD is from oxidized to reduced) 


(TN). = (19 is the value of Aésso_sio in em=! X mm) 


ra- 
by 
ons 
re- 
lal 
de- 
ite, 
ra- 
is 
1u- 
be- 
| 
ue | 
re, | 
ion | 
of 
ta- 
nt, 
ry 
ae 
ion 
ine 
on 
n- 
ion 
en 
16, 
on- 
ter 
te) 
bic 
a 
1a- 
xi- 
ive | 
se- 
ce 


1536 


RESULTS 


Mitochondrval Pyridine Nucleotide as Component of Respiratory 
Chain: Rat Liver and Guinea Pig Kidney Mitochondria—In early 
experiments with rat liver mitochondria, it was observed not 
only that succinate caused the reduction of pyridine nucleotide, 
but also that upon addition of a small amount of ADP, which 
was subsequently exhausted by phosphorylation (state 4-3-4 
transition), a cyclic oxidation and reduction of pyridine nucleo- 
tide occurred that closely followed the activation and inhibition 
of respiratory activity.!. An example of this is provided by the 
spectrophotometric trace of Fig. 14. Beginning at the left, 
the trace rises slowly because of the oxidation of reduced pyridine 
nucleotide; this is characteristic of mitochondria in state 1 where 
endogenous substrate is gradually exhausted by the slow respira- 
tory activity. Addition of 7 mM succinate causes an abrupt 
downward deflection of the trace, indicating reduction of pyri- 
dine nucleotide. The platinum microelectrode trace shows, in 
response to succinate, an acceleration of endogenous respiration 
(0.6 wm Oz» per second) to a rate of 0.9 wm Oz per second which 
remains constant during the reduction of pyridine nucleotide 
and state 4 is reached in about 40 seconds. Addition of 330 
uM ADP causes an abrupt upward deflection of the spectropho- 
tometric trace (state 4-to-3 transition). Simultaneously, respira- 
tory activity increases abruptly to 2.4 wm QO» per second. This 
rate persists for ~50 seconds until the added ADP has been 
completely phosphorylated to ATP. At that time, respiratory 
activity diminishes to the state 4 value (0.9 um Oz per second), 
and a further reduction of pyridine nucleotide is observed. 

Similar kinetics of pyridine nucleotide are observed in guinea 


k—50 sec———_4 
Spectrophotometric Trace 340-374 


Platinum microelectrode Trac 
i 


Pyridine Nucleotide Reduction } 


State 4 


. Spectrophotometric trace 
(glutomote) 


me \ 
+ 


microelectrode trace 


340-374my 


Fic. 1. Correlation of oxygen utilization (platinum microelec- 
trode trace) and pyridine nucleotide reduction (spectrophotomet - 
ric trace) in (A) rat liver mitochondria (isotonic salts medium, 
2 mg of protein per ml, 16 ux DPNH) and (8) guinea pig kidney 
mitochondria (pretreated with 4 mm glutamate). In A, numbers 
adjacent to the spectrophotometric trace correspond to the meta- 
bolic state of the mitochondrial suspension. Sucrose-phosphate- 


magnesium medium; 0.6 mg of protein per ml; 3.7 uw DPNH; pH 
7.4; temperature, 25° (Experiments 332-2, 683-1). 
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pig kidney mitochondria (Fig. 1B). An advantage of this ma- 
terial is that it can be pretreated with glutamate to achieve state 


4 with a much smaller reduction of mitochondrial pyridine nu- | 


cleotide than rat liver mitochondria (16); thus, the presence of 
excess high energy intermediates for causing a high rate of re- 
duction of pyridine nucleotide is more likely. At the start of 
the record, the traces are almost horizontal and respiratory ac- 
tivity is scarcely measurable because of the tightly coupled 
characteristics of these preparations. Succinate (4 mM) causes 
an abrupt downward deflection of the spectrophotometric trace 
corresponding to a reduction of pyridine nucleotide. Although 
there is a slight artifact in the respiratory trace, a suggestion of 
increased activity during the succinate-linked reduction can be 
observed (for a detailed discussion, see Paper VI in this series 
(21)). In any case, a steady rate of oxygen utilization of 0.15 
uM Oz per second is established in state 4. Addition of 220 um 
ADP then causes an abrupt oxidation of DPNH and a marked 
increase in respiratory activity to 1.0 wm O2 per second. When 
the added ADP has been exhausted, the rates of pyridine nu- 
cleotide reduction and oxygen utilization appear to be closely 
synchronized; reduction begins as respiratory activity dimin- 
ishes, is half-maximal at the time of greatest inflection of the 
respiratory trace, and is complete just shortly after the respira- 
tory activity has apparently reached its final value (0.1 uM 0, 
per second) (cf. Fig. 1 of Paper 1V (19)). 

Although it is difficult to obtain rates for a single reaction in 
the transition between various states of the mitochondria, cer- 
tain aspects of these kinetics suggest that only a portion of the 
electron transfer can pass through succinate-linked pyridine 
nucleotide. First, the rate of pyridine nucleotide reduction in 
the transition to state 4 appears to be too slow to account for 
the rate of respiration in state 3. The ratio of the two rates (in 
2-electron units) is, in Fig. 14, 0.06, and in Fig. 1B, 0.14. A 
much better agreement is obtained when the rate of pyridine 
nucleotide reduction is compared with the rate of respiration in 
state 4 (Fig. 1B). Second, the rates of pyridine nucleotide oxi- 
dation and reduction upon ADP addition and exhaustion appear 
slow in Fig. 1B. Oxidation proceeds to 23% of the steady state 
value by the time initiation of respiration can be observed, 1.¢. 
by the time the oxygen concentration has decreased 2 um. In 
this interval, only 0.8 um DPNH has been oxidized. Similarly, 
when respiration ceases, pyridine nucleotide is only 30% re- 
duced at the point of inflection of the respiratory trace (cf. Fig. | 
of Paper IV (19)). Discrepancies also show in Fig. 1A. 

In summary, the oxidation-reduction changes of pyridine nu- 
cleotide in the succinate-linked system bear a relationship to 
fluctuations of respiratory activity that suggests an interaction 
between this component and the other electron transfer reac- 
tions of this system (see ‘“‘Discussion”’ for definition of component 
of chain). However, the reaction kinetics make it unlikely that 
an appreciable amount of electron transfer in state 3 in succinate 
oxidation passes through pyridine nucleotide. 

Another criterion for the participation of a particular com- 
ponent in the respiratory chain is the correlation between its 
kinetics and those of members of the chain in the transition from 
state 3 to state 5 (50). In the experiment of Fig. 24, rat liver 
mitochondria are treated, at the point marked “4” (state 4 with 
succinate), with sufficient ADP (500 um) to consume the oxygen 
remaining in the suspension within ~30 seconds. Addition of 
ADP causes characteristic upward deflections of the fluorescence 
and spectrophotometric traces, corresponding to oxidation of 
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B 
Fic. 2. Correlation of pyridine nucleotide reduction (fluores- 
cence trace -——), cytochrome c reduction (spectrophotometric 


trace), and oxygen utilization (platinum microelectrode trace) in 
(A) rat liver and (B) guinea pig kidney mitochondria. A. Bold 
face numbers correspond to the metabolic state of the mitochon- 
drial suspension. In the state 4-to-5 transition where the spec- 
trophotometric trace goes off scale, half-maximal reduction of 
cytochrome c is indicated by the arrow. Sucrose-phosphate-mag- 
nesium medium; pH 7.4; 5 mg of protein per ml; 2 um cytochrome 
c; temperature, 25° (Experiment 980). 8B. Mitochondria initially 
in state 4, (with succinate, 2 mm). Sucrose-phosphate-magnesium 
medium; pH 7.2; temperature, 26° (Experiment 12d-1). 


pyridine nucleotide and cytochrome c, and leads to the more 
highly oxidized state, 3. Within 20 seconds, oxygen is exhausted 
and the spectrophotometric trace drops abruptly to an ‘“‘off- 
scale’ recording, indicating complete reduction is obtained, this 
time being coincident with the cessation of respiration. The 
response of succinate-reduced pyridine nucleotide bears little 
relationship to that of cytochrome c; ~30 seconds are required 
to reach half-maximal reduction in anaerobiosis. Not only do 
the kinetics differ, but the steady state level reached by mito- 
chondrial pyridine nucleotide in the state 3-to-5 transition is 
not more reduced, but more oxidized, than that in state 4. 

This result may be compared with that of another experiment 
(Fig. 2B) in which guinea pig kidney mitochondria treated with 
succinate (2 mM) to give state 4 are allowed to proceed to anaero- 
biosis (state 5) without the addition of ADP, 7.e. the aerobic- 
anaerobic transition is made in an energy-rich state. The mo- 
ment of this transition is marked by both increased reduction of 
cytochrome c and a slight break in the slope of the platinum mi- 
croelectrode trace. At the time of anaerobiosis, a small upward 
deflection of the fluorescence trace is introduced which indicates 
some oxidation of pyridine nucleotide but, after about a minute, 
no significant change has occurred. The difference in these re- 
sponses of pyridine nucleotide is explained by the inhibitory 
effect of ADP upon utilization of ATP in reducing mitochondrial 
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pyridine nucleotide (19); a state 4-to-5 transition occurs in the 
absence of ADP whereas a state.3-to-5 transition occurs in the 
presence of ADP which blocks energy transfer from ATP or high 
energy intermediates to the succinate-linked pathway of pyri- 
dine nucleotide reduction. 

If malonate is stirred into the anaerobic mitochondrial suspen- 
sion, a small amount of oxygen allows a momentary oxidation of 
pyridine nucleotide. Sufficient electron transfer activity remains 
to remove the oxygen and maintain a large reduction:of cyto- 
chrome c. But pyridine nucleotide remains oxidized about half- 
way between the state 3 and state 4 levels. 

Two important properties of succinate-linked pyridine nucleo- 
tide are revealed by these experiments. First, in Fig. 2A there is 
no appreciable deflection of the fluorescence trace upon addition 
of succinate, and the coincident reduction of cytochrome c and 
intiation of a rapid oxygen utilization show that succinate 
oxidation can be started at an almost maximal rate without pyr- 
idine nucleotide reduction. This result suggests that “acti- 
vated succinate” may not be required to initiate electron transfer 
in the respiratory chain (but cf. (29, 51)). Second (Fig. 2B), 
the large upward deflection of the fluorescence trace occur- 
ring when 9 mm malonate is added to the anaerobic mitochondrial 
suspension (state 5) suggests a specific requirement for succinate 
for a portion of the pyridine nucleotide reduction. 

In summary, these two experiments reveal the nature and 
kinetics of succinate-linked pyridine nucleotide reduction rela- 
tive to those of cytochrome c and to respiratory activity, and 
indicate that the ADP-free state, 4, is most favorable to a high 
degree of pyridine nucleotide reduction and that succinate itself 
is required for this reaction. = 

Succinate-linked Pyridine Nucleotide Reduction in Rat Heart, 
Flight Muscle, and Liver Mitochondria—Fig. 3 illustrates three 
instances in which increased reduction of pyridine nucleotide 
was obtained upon addition of a flavin-linked substrate to mito- 
chondrial suspensions. The procedures followed in these experi- 
ments were similar to those of Fig. 1, except that ADP and 
glutamate (A), ADP and oxoglutarate (B), or glutamate alone 
(C’) were added before the flavin-linked substrate. These elicited 
either small or scarcely measurable reductions of pyridine nu- 
cleotide (A and C) or an appreciable deflection (B), a large part 
of which is caused by light absorption of the substrate itself. 
In records A and B (rat heart mitochondria), the state 3-to-4 

transition in the presence of pyridine nucleotide-linked substrates 
gives small downward deflections and the extent of pyridine 


Fic. 3. Effects of flavin-linked substrates on pyridine nucleo- 
tide reduction compared with those of (A) ADP + glutamate, 
(B) ADP + a-ketoglutarate (a-oxoglutarate), and (C) glutamate 
alone. A, B. Rat heart mitochondria; sucrose-phosphate-mag- 
nesium medium; pH 7.4; 7 uw DPNH; temperature, 26°; spectro- 
photometric measurement (Experiments 771-12, 13). C. Flight 
muscle mitochondria; sucrose-Versene medium + 2% bovine serum 
albumin; fluorometric measurement (Experiment 789-4). 
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TABLE I 
Extent of pyridine nucleotide reduction by glutamate and succinate* 


Source of = | | _: | Guinea pig Guinea pig 
mitochondria | Rat liver Rat heart Rat kidney liver kidney 
+ | | | 
| 
| 0.07-0.21 |; 2.1 3.3 0.22 3.8 


@ Measured in the double beam spectrophotometer at 340- 
374 my after successive additions of 4 mm glutamate and 4+ mm 
succinate (Experiments 631d, 771, 729). 


nucleotide reduction can be evaluated as indicated in Table I 
(see below). Also in these two records, additions of ADP ini- 
tiate typical cycles of oxidation and reduction of pyridine nu- 
cleotide. 

A comparison of these results with those for the assay of re- 
duced pyridine nucleotide in rat heart mitochondria (12, 38) 
shows that the absorbancy change observed in the state 3-to-4 
transition in the presence of B-hydroxybutyrate and oxoglutarate 
(Fig. 8B of reference 38) is similar to that observed here in the 
presence of glutamate and oxoglutarate. The absorbancy 
change, however, corresponds to a pyridine nucleotide-cyto- 
chrome a ratio of only ~ 1:1. It is clear from the data pre- 
sented here that this represents only a small part of the total 
pyridine nucleotide that can be activated by succinate addition; 
judging from Figs. 34 and 3B, ~5 times more pyridine nucleo- 
tide is present than is involved in the state 3-to-4 transition in 
the presence of oxoglutarate. 

An increase in the reduction of pyridine nucleotide can be 
demonstrated upon addition of the flavin-linked substrate 
a-glycerophosphate to glutamate-treated suspensions of flight 
muscle mitochondria (or sarcosomes) of .\Jusca domestica. In 
these preparations, absorption of cytochrome relative to that 
of pyridine nucleotide is sufficiently large to interfere with spec- 
trophotometric measurements, and the fluorometric method of 
detecting pyridine nucleotide reduction is, therefore, preferable. 
Fig. 3C illustrates the time course of fluorescence changes caused 
by addition of several substrates to the flight muscle sarcosomes. 
The recording initially shows a slight downward deflection of the 
base-line which is not accelerated by the addition of glutamate or 
succinate. However, addition of 2 mM a-glycerophosphate is 
followed by an abrupt increase of fluorescence. Independent 
polarographic data indicate the initiation of rapid respiration at 
this point, which continues for a minute and a half until the 
oxygen dissolved in the solution is exhausted and complete re- 
duction of pyridine nucleotide occurs. Similar results have also 
been observed in the flight muscle mitochondria of grasshoppers 
(35). In the latter material, however, evidence for the energy re- 
quirement of these reactions has recently been put forward (52). 

Effects of Succinate Compared with Those of Other Substrates— 
Relative amounts of succinate- and glutamate-reduced pyridine 
nucleotide can be estimated from experiments similar to those 
of Figs. 1B, 34, and 3B by calculating the ratio of the deflec- 
tion obtained by adding succinate to glutamate-treated mito- 
chondria in state 4 (4, minus 4,)’ to the deflection obtained by 
adding glutamate to the mitochondria in state 2 (4, minus 2). 
As shown in Table I, the values for rat and guinea pig kidney 


7 The abbreviations used are: s, in the presence of succinate; 
g, in the presence of glutamate. 
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and rat heart mitochondria are markedly higher than those for 
liver mitochondria. 

Although large effects were readily observed on addition of suc- 
cinate to rat liver mitochondria in state 1, no significant difference 
was seen in the extent of reduction of mitochondrial pyridine 
nucleotide of rat liver by a DPN-linked substrate such as B-hy- 
droxybutyrate and that by succinate (2). The value of 0.21 for 
rat liver mitochondria (Table 1) was obtained in the current ex- 
periments after addition of succinate to a glutamate-treated 
preparation. When succinate was added to a B-hydroxybutyr- 
ate-treated preparation, the ratio fell to 0.07-0.01. Therefore, 
according to this comparison, liver mitochondria show <10% 
of the effect shown by heart and kidney mitochondria. Chemical 
analyses show, however, that pyridine nucleotide reduction in 
liver mitochondria increases upon addition of succinate (22-27), 
Nonetheless, the comparative data of Table I substantiate the 
superior properties of heart and kidney mitochondria for direct 
fluorometric studies of the succinate-linked effect. This superi- 
ority may well be due to their relatively small content of endog- 
enous substrate (53). 

Nature of Succinate-reduced Mitochondrial Pyridine Nucleotide 
—That the material reduced by succinate has spectroscopic and 


. fluorescence properties corresponding to those of authentic 


DPNH is demonstrated by the data of Figs. 44 and 4B. 

Fig. 41 records the absorbancy changes occurring when ADP 
is added to succinate-treated guinea pig kidney mitochondria 
(state 4). The absorption band that disappears has a maximum 
at 340 my and is very similar to the band of DPNH. Chemical 
assay also indicates that the concentration of DPNH increases 
upon addition of succinate to guinea pig kidney mitochondria 
(16) (see below). 

The difference spectrum of Fig. 4B represents the fluorescence 
band that disappears upon addition of ADP to succinate-treated 
rat liver mitochondria (state 4). The maximum is near 440 mu 
(the proper wave length for measuring the fluorescence of bound 
DPNH (54)). Chemical assay again shows increased DPNH as 
well as TPNH in the presence of succinate (35). 

Further comparison of absorbancy changes in the state 4-to-3 
transition with those in the state 4-to-5 transition is provided by 
Fig. 5. In agreement with the records of Fig. 3, a transition 
from state 4 to state 5 in guinea pig kidney mitochondria causes 
no measurably increased reduction of pyridine nucleotide; the 
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Fic. 4. Identification of the succinate-linked material as 
DPNH. A. Spectrum representing the difference in absorbancy 
between a guinea pig mitochondrial suspension in state 3 (ADP, 
succinate, phosphate) and one in state 4 (succinate, phosphate). 
Sucrose-phosphate-magnesium medium; pH 7.2; 4 mM succinate; 15 
uM DPNH;2 mg of protein per ml (Experiment 661b). B. Fluores- 
cence change in the state 3-to-4 transition of a suspension of rat 
liver mitochondria. 4 mM succinate; isotonic salts medium 
(Experiment 777). 
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trace labeled ‘5-4’? has characteristic peaks of cytochromes a 
and a3 at 445 my and a shoulder caused by cytochrome c at 420 
my. Inthe ultraviolet region, there is no distinctive peak caused 
by DPNH. Peaks observed at ~320 my may be attributed to 
the 6 bands of cytochrome and to the “315 my peak” observed 
previously in heart mitochondria (38). From these data we can 
reaffirm the previous estimate that as much as 99% of mitochon- 
drial pyridine nucleotide of rat liver is reduced in state 4 (2). 

Chemical Identification of Succinate-reduced Material in Kidney 
Mitochondria—In addition to the optical identification of pyri- 
dine nucleotide reduction, chemical assays have been carried 
out‘ in which mitochondria in state 4 are analyzed for DPNH 
and TPNH. ‘The results are shown in Table II. Chemical 
assay gives 3.5 mumoles of DPNH per mg of protein and 0.3 
mumole of TPNH per mg of protein. 

Direct spectrophotometric assays of the state 2-to-4, transi- 
tion for intact mitochondria were recorded with the same instru- 
ment and under the same conditions. This method gives 3.0 
mumoles of DPNH per mg of protein. The sensitivities of the 
double beam spectrophotometer to addition of a solution of 
DPNH were calibrated by direct additions to the two suspensions 
(the intact mitochondria were treated with azide to avoid slow 
oxidation of added DPNH). These calibrations are slightly 
different, presumably because of different light-scattering proper- 
ties in the intact mitochondria and in the extracted DPNH. 

The assay for extracted DPNH shows that the increase in 
absorption at 340 my in the intact mitochondria can be attrib- 
uted entirely to reduction of DPN. We conclude that addition 
of succinate to guinea pig kidney mitochondria reduces diphos- 
phopyridine nucleotide in agreement with the results obtained 
by Klingenberg et al. (16). Also some DPN does not appear in 
the state 2-to-4 transition (3.5-3.0 = 0.5 mumole per mg of pro- 
tein). 


DISCUSSION 


The experiments described in this and subsequent papers 
(17-21) stem from an unexpected observation of several years 
ago that the flavin-linked substrate, succinate, has far greater 
control over the level of pyridine nucleotide than do ‘“DPN- 
linked” substrates such as malate, glutamate, or a-(oxo)-ketoglu- 
tarate. The extension of this observation to other flavin-linked 
substrates such as a-glycerophosphate (Fig. 3C) (35) underlines 
the generality and possible general physiological significance of 
this pathway for reduction of pyridine nucleotide. This paper 
reports the existence of this reaction in different types of mito- 
chondria and considers spectroscopic, fluorometric, and chemical 
methods for identifying the reaction product as DPNH. A 
penetrating study of the reaction has revealed certain funda- 
mental properties which are outlined in a preliminary form and 
which will be discussed in detail in the following papers (17-21). 

Interest in the more subtle properties of the reaction was 
stimulated by the observation that initiation of respiration with 
succinate may occur with no measurable change in the reduction 
of pyridine nucleotide and that complete cessation of respiration 
by anaerobiosis in the state 3-to-5 transition results, not in a 
more complete reduction of pyridine nucleotide, but in a con- 
siderable diminution in the level of its reduction obtained in the 
absence of ADP. Such observations are completely inconsistent 
with explanations of succinate-linked reduction of pyridine 
nucleotide based, for example, on a switch mechanism (see below) 
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Fic. 5. Estimation of pyridine nucleotide not reduced in state 
4 but reducible in state 5 in anaerobiosis. Solid spectrum, absorb- 
ancy changes in the change from aerobiosis to anaerobiosis caused 
by exhaustion of oxygen. The bands of cytochromes are observed, 
but there is no evidence of further reduction of pyridine nucleo- 
tide. Dashed spectrum, absorbancy changes occurring in the 
state 4-to-3 transition caused by exhaustion of ADP, indicating 
the sensitivity with which any DPNH would have been detected 
in the state 5-to-4 transition. (Guinea pig kidney mitochondria; 
sucrose-phosphate-magnesium medium; 2 mg of protein per ml: 
0.4 um cytochrome a;; temperature, 26° (Experiment 658b-4). 


TABLE II 


Chemical assay of pyridine nucleotides in guinea pig kidney 
mitochondria (Experiment 984)* 


Protein | ‘mymoles 
mg/ml protein 
Intact mitochon- 
(+45 18.4 7.8 | 3.0 
Na2CO; extract, 0.1 
1.6 | 4, or 5, —23.5 13.5 | 5.6 | 3.5 
Na2CO; extract, 0.1 | 
ak 1.6 4, or 5s | —2 13.5 0.5 0.3 


Measured spectrophotometrically at 340-374 my; 2.5 ml 
volume. 

6’ EAD = recorder scale divisions (Isterline-Angus); plus means 
increased reduction. 

¢ Sensitivity factor for the recorder (EAD) measured by added 
DPNH. 

4 Neutralized to pH 7.5, assayed with alcohol dehydrogenase 
and acetaldehyde. 

¢ Assayed with glutathione reductase and glutathione. 


(55, 56). To explain the reaction adequately, some general 
aspects of pyridine nucleotide reactions must be considered. 

The exergonic reaction in which fumarate causes the oxidation 
of pyridine nucleotide in nonphosphorylating heart muscle parti- 
cles (57), 


fumarate + DPNH + Ht — DPN? + succinate, (4) 


suggests the presence, at least in those particles, of a transfer 
pathway between the pyridine nucleotide-linked and the succi- 
nate-linked pathways. The reverse reaction is endergonic, and 
would not be expected in nonphosphorylating particles. 

One of the first observations in spectrophotometric studies of 
the reduction of mitochondrial pyridine nucleotide (5)! was that 
the thermodynamically improbable reversal of Equation 4 oc- 
curs with considerable rapidity in isolated mitochondria. The 
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difference in oxidation-reduction potential between the succi- 
nate-fumarate couple and the pyridine nucleotide couple can be 
>300 mv. Furthermore, the extent of reduction of pyridine 
nucleotide in this unexpected reaction was equal to or greater 
than that caused by substrates having a much lower oxidation- 
reduction potential appropriate to an exergonic reaction. It 
was postulated that energy produced in the oxidation of succi- 
nate was used in the reduction of pyridine nucleotide; hence the 
over-all process can be termed an energy-linked reduction (6), 
and one that represents a practical example of the hypothetical 
“reductive dephosphorylation”’ process. | 

Identification of this energy-linked reduction in mitochondria 
is of considerable consequence for calculations of the thermo- 
dynamic basis for biological oxidations (1, 3, 58). It is appar- 
ent that high energy intermediates, in their interaction with the 
electron transfer system, can serve as a means of converting 
energy changes from a higher to a lower oxidation-reduction 
potential. The possibilities of this mechanism for driving syn- 
thetic reactions, and possibly for functional processes, are note- 
worthy. It may also be suggested that succinate has a much 
more important role as a substance causing pyridine nucleotide 
reduction in state 4 (2) than asa substance producing ATP in 
the respiratory chain. 

Succinate appears to have a fundamentally different effect 
on rat liver and guinea pig kidney mitochondria (Table I). 
However, it should be considered that the concurrent reduction 
of TPN in liver mitochondria may obscure the degree of in- 
creased reduction of DPN on adding succinate; chemical assays 
show that the latter has increased considerably (16, 23). Thus, 
insofar as DPN reduction alone is concerned, the increases ob- 
tainable with succinate are appreciable. 

These studies also clarify the spectrophotometric assay of 
pyridine nucleotide in the respiratory chain of rat heart mito- 
chondria. To explain the low results for these mitochondria, 
we previously suggested that only part of the pyridine nucleo- 
tide might be active in oxidative phosphorylation with a-keto- 
glutarate or 8-hydroxybutyrate as substrates (38). This suppo- 
sition is substantiated by the experiments reported here which 
show that a much larger amount of pyridine nucleotide can be 
reduced by the addition of succinate to heart mitochondria 
tested with a DPN-linked substrate (slightly more than 3-fold 
as determined by the difference between the state 2-to-4 transi- 
tions with the two substrates). Thus, for the succinate-acti- 
vated chain, the ratio of pyridine nucleotide to cytochrome a is 
9:1 in the preparation studied here; on a weight basis, a spec- 
trophotometric assay gives 50 x 10- moles per mg of protein 
as compared with a chemical assay of 60 x 10-” moles per mg 
of protein (59) 8 

Thus, in heart mitochondria in the presence of succinate, an 
amount of pyridine nucleotide almost equal to the amount ex- 
tractable participates as a “respiratory” component. But Kling- 
enberg et al. (16) have again questioned the accuracy of assays 
of pyridine nucleotide by direct spectrophotometric and chemi- 
cal means, so that further discussion is needed. 

Definition of Respiratory Enzyme—Discrepancies between the 
amount of pyridine nucleotide that can be observed to be re- 
duced and oxidized in mitochondria in the presence of various 
substrates and energy sources and the total amount of pyridine 
nucleotide that can be retrieved from mitochondria and assayed 
by indirect, chemical methods emphasize the need for defining 


8’ The data of Holton (59) were erroneously quoted by Chance 
and Baltscheffsky (38) who gave units of wmoles per mg of protein. 
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what we mean by the amount of a respiratory enzyme and its 
relation to the total amount of material present in the mitochon- 
dria. 

Two criteria are useful, one qualitative and one quantitative, 
Qualitatively, we define pyridine nucleotide of the respiratory 
chain as that which can be oxidized in the presence of oxygen 
and reduced in the absence of oxygen in the presence of appro- 
priate substrates and, if necessary, energy sources. 

We define the fully oxidized state as that obtained in the ab- 
sence of substrate and in the presence of ADP or uncoupling 
agents. This is termed state 2. Under certain circumstances, 
treatment of the mitochondria with ADP or uncoupling agents 
may lead to an ATP requirement for the immediate initiation 
of succinate oxidation (29-34, 36).2. Usually, however, respira- 
tion begins immediately upon addition of substrate, as clearly 
indicated by Fig. 2A. 

Definition of the fully reduced state is more complicated, 
However, in mitochondria treated with succinate it is apparent 
that no further pyridine nucleotide reduction can be observed 
in the state 4-5 transition. The method of making this observa- 
tion is important; in heart mitochondria, which contain only 
small amounts of pyridine nucleotide, optical interference from 
other components of the respiratory chain may complicate in- 
terpretation of the results (16). For this material we therefore 
prefer fluorometric methods and consistently find that tightly 
coupled mitochondria show no significant increase of fluorescence 
(< 1%) in the transition from state 4 to state 5. 

As pointed out above, chemical analyses of mitochondria in 
state 4 (16) and, in all probability, in state 5 (on which remark- 
ably few data have been published) show the presence of con- 
siderable DPN. Two explanations are possible: (a) that a 
partial oxidation of DPNH occurs during inactivation of the 
mitochondrial enzymes in the assay procedure or (6) that the 
mitochondria contain some DPN that is inaccessiple to any sub- 
strate or energy source that has yet been used to cause its re- 
duction. If the first alternative is true, then direct measure- 
ments of the extent of pyridine nucleotide reduction in state 4 
or state 5 should be used to identify respiratory pyridine nu- 
cleotide. This is apparently not the case in the work of Klingen- 
berg et al. (16) who compute the extent of reduction of what they 
identify as respiratory pyridine nucleotide on the basis of the 
total extractable material. On this basis, they conclude that 
there is only a small reduction of pyridine nucleotide in state 4. 
The second alternative, that some DPN is inaccessible to re- 
spiratory activity, suggests the relevance of direct spectroscopic 
or fluorometric data for assays of the pyridine nucleotide content 
of the respiratory chain. 

The second, quantitative, criterion is a kinetic one: that pyr- 
dine nucleotide is oxidized and reduced at rates compatible with 
electron transfer through the system. This is apparently uot 
true of succinate-linked pyridine nucleotide and it is of interest 
to determine the minimal amount of electron transfer that can 
pass through this pathway. The rate of the reduction is equal 
to at least the rate of oxygen utilization in state 4 and to 10% 
of the rate of oxygen utilization in state 3. The rate of oxidation 
caused by adding ADP is slower than the respiratory rate (¢. 
Fig. 1B). The maximal rates of reaction cannot be accurately 
evaluated from these data since initial rates are not positively 
identified without the rapid flow apparatus (60). 


* B. Chance, G. R. Williams, and B. Hagihara, in preparation. 
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even larger portion of electron transfer from succinate could be 
funneled into reduction of pyridine nucleotide. In summary, 
the minimal amount of electron transfer from succinate through 
DPNH is estimated to be ~10% of the maximal rate of oxygen 
utilization. This flux is sufficient to account for considerable 
synthesis and active transport in mitochondria. Other factors 
concerning steady state electron transfer that passes through 
succinate-linked pyridine nucleotide are discussed in Paper IV 
(19). 

Preluminary Explanations for Greater Extent of DPN Reduction 
in Presence of Succinate than in Presence of DPN-linked Sub- 
strates—T wo unusual properties of succinate-linked reduction of 
pyridine nucleotide are revealed by the experiments reported 
here: (a) the greater extent of pyridine nucleotide reduction with 
succinate and (6) the sensitivity of the reduction to the level of 
high energy intermediates in the mitochondria. When these 
phenomena are considered jointly, few explanations are satisfac- 
tory. However, several explanations of the first can be debated 
without consideration of the second. The initial subject to be 
considered, therefore, is the means by which addition of succinate 
to a DPNH oxidizing system causes up to a 4-fold increase in 
reduction of pyridine nucleotide. 

A “Switch”? Mechanism—Although we consider in detail else- 
where (18, 19) what we term a “switch” mechanism to explain the 
increase of pyridine nucleotide reduction in the presence of 
succinate, a preliminary consideration of the hypothesis is pro- 
vided here since some relevant experimental data are given. 
Furthermore, since this is a kinetic mechanism, an analysis from 
this aspect should be decisive. It is observed here that gluta- 
mate addition” causes a fairly rapid rate of oxidation in state 3, 
equivalent to 0.64 um DPNH per second for the conditions of 
Fig. 2B, but a very small rate of reduction of pyridine nucleotide, 
whereas succinate addition causes a large but relatively slow re- 
duction of pyridine nucleotide in state 4 of glutamate-treated 
mitochondria (0.28 um DPNH per second for the conditions of 
Fig. 2B). The simple “switch” mechanism would suggest that 
succinate addition would cause electron transfer to pyridine 
nucleotide at a rate approximating the rate of oxygen utilization 
in state 3 in the presence of glutamate only. However, the ob- 
served rate is much smaller (0.28 as compared to 0.64) and the 
result is apparently contradictory to that suggested by the 
“switch”? mechanism. 

This argument can be recast in terms of the steady state re- 
duction of pyridine nucleotide in states 3 and 4. Studies similar 
to those of Fig. 2 showed that 15% of the total pyridine nucleo- 
tide is reduced in state 3 in the presence of glutamate. In the 
state 3-to-4 transition, respiratory activity in the presence of 
glutamate decreases 10-fold, yet the extent of reduction of pyri- 
dine nucleotide increases only 2-fold, from 15 to 31%. This is 
4 surprising result if it is assumed that the pyridine nucleotide 
observed to be reduced upon succinate addition is available to 
glutamate. In fact, the kinetic and steady state considerations 
just cited are inconsistent with the hypothesis that a single pool 
of pyridine nucleotide is acted upon by succinate and DPN- 
linked dehydrogenases, either directly, or indirectly by competi- 
tion between DPNH and succinate for oxidizing equivalents 
from the respiratory chain. A more sophisticated hypothesis 
must be considered (18). 


"The interpretation of these observations is independent of 
whether glutamate participates in a transaminase reaction or in a 
dehydrogenase reaction (61, 62). 
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Transhydrogenase activity (63) is only another way of ex- 
pressing the effect of DPN-linked dehydrogenases upon a pool 
of mitochondrial pyridine nucleotide. It is worthwhile to con- 
sider whether any evidence exists for the presence of a rate-limit- 
ing transhydrogenase reaction in the reduction of mitochondrial 
pyridine nucleotide. One approach is to compare the relative 
rates of succinate-linked reduction observed in rat heart and 
liver mitochondria with the relative transhydrogenase activities 
reported by Stein et al. (2:1 (64)) and Purvis (5:1 (65)). We 
find the former to be very close to unity (0.7 to 1.0 for heart and 
liver, respectively). On this basis, there is no evidence that 
transhydrogenase dominates reduction of pyridine nucleotide or 
the succinate-linked effect. 

On the basis of absolute activity, the rate of pyridine nucleo- 
tide reduction by succinate in rat heart (calculated from records 
on a faster time scale similar to the experiment of Fig. 3) is 0.47 
mumoles of DPNH per second per mg of protein at 26°. The 
conversion of the value of Stein et al. (64) of 490 mumoles of 
acetyl pyridine analogue of pyridine nucleotide reduction per 
minute per mg of protein at 25° follows. Taking 5.5 as the factor 
by which the activity would be diminished when DPNH is the 
reaction product and converting minutes to seconds, we obtain 
1.5 mumoles of DPNH per second per mg of protein for digi- 
tonin-treated rat heart mitochondria. This value could be 
further reduced by the “activation” effect of the digitonin used. 
It is also not known whether the concentrations of DPNH and 
DPN available to such a transhydrogenase within the mitochon- 
dria are optimal, as they are in the assay system. Thus the 
pyridine nucleotide transhydrogenase cannot be eliminated on 
the basis of a possibly inadequate activity. 

The effects of the inhibitors, Amytal, antimycin A, and cya- 
nide, of uncoupling agents, and of dehydrogenase activities on 
succinate-linked reduction of pyridine nucleotide are considered 
in detail elsewhere (17, 19). For the present comparison it is 
sufficient to point out that the pyridine nucleotide transhydro- 
genase activity is stable to digitonin, to considerable aging, and 
to triiodothyronine. These factors all have a highly inhibitory 
effect on the succinate-linked reduction of pyridine nucleotide. 
On this basis, the pyridine nucleotide transhydrogenase activity 
cannot afford an adequate explanation of the effects of succinate 
on the reduction reaction. 

Mitochondrial Compartments—Purely physical factors may 
afford another explanation for the experimental observations. 
For example, we may attribute the difference between succinate 
and glutamate effects! to a structural compartmentation of 
identical chemical species of pyridine nucleotide: 


Succinate — (carriers) — flavoprotein — | DPN | 

It is conceivable that the glutamate- and malate-linked material 
is bound in the cristae, whereas the succinate-linked material is 
in the matrices, and cannot be reduced by the DPN-linked de- 
hydrogenase in aerobiosis. This physical explanation has the 
great merit of providing, on a very simple basis, a distinction be- 
tween the magnitudes of the glutamate- and the succinate-linked 
effects. 

Experimental support for the compartmentation of pyridine 
nucleotide in such a way that its oxidation state is unaffected by 
changes outside the membrane is suggested by the sluggish reac- 
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tivity of mitochondrial suspensions to solutions of DPNH (2, 
66) and by the independence of the oxidation-reduction state of 
mitochondrial and cytoplasmic pyridine nucleotide as observed 
in a single spermatid (67). Thus, it does not seem unreasonable 
that the same phenomenon should pertain to the intramitochon- 
drial membrane, with the succinate-linked systems on the matrix 
side of the membrane and the glutamate- and malate-linked sys- 
tem absent from the surface of the membrane. 

It is observed that pyridine nucleotide added to kidney mito- 
chondria in state 4 is not rapidly reduced, but instead is slowly 
oxidized at a rate that is about the same for states 3 and 4. 
Thus, the outer membrane of the mitochondria does not have 
enzymic properties required of the ¢ristae by the above hypothe- 
sis. It is possible that a suitable binding site or high energy 
intermediate for driving the reduction is missing from the outer 
membrane. 

In summary, neither a simple kinetic or ‘‘switch’’ explanation 
nor a simple transhydrogenase activity satisfactorily explains the 
extent of pyridine nucleotide in the presence of succinate. A 
suitable and, necessarily, more sophisticated hypothesis (18) 
must embrace the fact that the flavin-linked substrate, succinate, 
has a very special effect upon electron transfer into pyridine 
nucleotide. Whether succinate exerts its effect through a chem- 
ical specificity, a hinding, or compartmentation of pyridine nu- 
cleotide within the structure of the mitochondrion cannot be 
determined at present. However, fluorometric evidence indi- 
cates that, whatever the explanation, it must take into account 
the enhanced fluorescence of the succinate-reduced material, sug- 
gesting tight binding of the coenzyme to an enzyme surface. 


SUMMARY 


thermodynamically improbable reduction of pyridine 
nucleotide caused by the addition of succinate to isolated mito- 
chondria has been demonstrated. The material so reduced ex- 
hibits kinetic responses, some of which can suggest its considera- 
tion as a member of the respiratory chain, but a quantitative 
examination of the kinetics of oxidation and reduction shows 
that only a small portion of the total respiratory activity in 
succinate oxidation passes through the diphosphopyridine nu- 
cleotide-linked pathway. 

The nature of the reduction product has been examined in 
heart, liver, and guinea pig kidney mitochondria and is found to 
be material absorbing at 340 my and having a fluorescence emis- 
sion maximum at 440 mu. Direct chemical assays on kidney 
mitochondria indicate that the reduced material is diphospho- 
pyridine nucleotide. A preliminary evaluation of various hy- 
potheses to explain this result leads us tentatively to reject 
hypotheses based upon a single pool of mitochondrial pyridine 
nucleotide in which diphosphopyridine nucleotide and succinate 
compete for oxidizing equivalents from the cytochrome chain. 
Further indication of the complexities of this reaction is that 
respiration can be initiated by succinate without measurable 
pyridine nucleotide reduction and that a transition from aero- 
biosis in state 3 to anaerobiosis (state 5) can lead to a higher 
oxidation level of pyridine nucleotide than was observed aero- 
bically in state 4. These observations suggest that the presence 
of adenosine 5’-diphosphate inhibits pyridine nucleotide reduc- 
tion under both aerobic and anaerobic conditions and support 
the possibility that an energy-linked reaction may be involved. 

i 


Energy and Electron Transfer. I 


35. 


37. 


Vol. 236, No. 5 


REFERENCES 


. Burton, K., AND KREBs, H. A., Biochem. J., 54, 94 (1953). 
. CHANCE, B., AND Wituiams, G. R., J. Biol. Chem., 217, 409 


(1955). 


. SLATER, E. C., Rev. Pure and Appl. Phys., 8, 221 (1958). 
. Davis, R. E., Kress, H. A., in R. T. (Editor), 


Biochemical society symposia, No. 8, University Press, 
Cambridge, England, 1951, p. 77. 


. CHANcE, B., in O. H. GAEBLER (Editor), Enzymes, units of bio- 


logical structure and function, Academic Press, Inc., New 
York, 1956, p. 447. 


. CHANCE, B., AND HOLLUNGER, G., Federation Proc., 16, 163 


(1957) . 


. CHANCE, B., in Proceedings of international symposium on en- 


zyme chemistry, Tokyo-Kyoto, 1957, Maruzen Company, 
Ltd., Tokyo, 1958, p. 296. 


. CHance, B., AND HOLLUNGER, G., Nature (London) 185, 666 


(1960). 


. CHANCE, B., AND HaainarRa, B., Biochem. and Biophys. Re- 


search Communs., 3, 6 (1960). 


. LUNDEGARDH, H:, Plant Physiol., 8, 157 (1955). 
. HarTREE, E. F., in F. F. Norp (Editor), Advances in enzymol- 


ogy, Vol. 18, Interscience Publishers, New York, 1957, p. 1. 


. CHANCE, B., Nature (London), 189, 719 (1961). 
. CHANCE, B., in JUB/IUBS sympostum on biological structure 


and function, Stockholm, 1960, Academic Press, Inc., New 
York, in press. 


. Guock, G. E., AND McLean, P., Biochem. J., 61, 381 (1955). 
. JACOBSEN, K. B., AND KapLan, N. O., J. Biol. Chem. , 226, 603 


(1957). 


. KLINGENBERG, M., SLENCZKA, W., AND Ritt, W., Biochem. Z. 


332, 47 (1959). 


. CHANCE, B., J. Biol. Chem., 236, 1544 (1961). 
. CHanceE, B., aNpD HOLLUNGER, G., J. Biol. Chem., 236, 1555 


(1961). 


. CuHance, B., AND HoLuuNnGer, G., J. Biol. Chem., 236, 1562 


(1961). 


. CHANCE, B., J. Biol. Chem., 236, 1569 (1961). 
. CHANCE, B., AND HOLLUNGER, G., J. Biol. Chem., 236, 1577 


(1961). 


. BUCHER, TH., AND KLINGENBERG, M., Angew. Chem., 70, 552 


(1958). 


. KLINGENBERG, M., AND SLENCKZA W., Biochem. Z., 331, 486 


(1959). 


. Purvis, J. L., Abstr. Meeting of Am. Chem. Soc., April, 1959, 


p. 50. 


. KaurFrMANn, B. T., AND Kapuan, N. O., Abstr. Meeting of Am. 


Chem. Soc., April, 1959, p. 50. 


. BAESSLER, K. H., AND PRESSMAN, B. C., Federation Proc., 18, 


194 (1959). 


. SLATER, FE. C.,in JUB/IUBS symposium on biological structure 


and function, Stockholm, 1960, Academic Press, Inc., New 
York, in press. 


. CHANCE, B., AND Hess, B., J. Biol. Chem., 234, 2413 (1959). 
. AzzoneE, G. R., AND ERNsTER, L., Nature (London), 187, 65 


(1960). 


. AzzonE,G. F.,in JUB/IUBS symposium on biological structure 


and function, Stockholm, 1960, Academic Press, Inc., New 
York, in press. 


. Witiiams, G. R., Proc. Can. Federation Biol. Soc., 3, 53 (1960). 


. WiuuiaMs, G. R., in press. 
. Wiuiiams, G. R., in JUB/IUBS symposium on biological struc- 


ture and function, Stockholm, 1960, Academic Press, Inc., 
New York, in press. 


. SCHOLLMEYER, P., AND KLINGENBERG, M., Biochem. and Bio- 


phys. Research Communs., 4, 43 (1961). 
KLINGENBERG, M., Tu., Biochem. Z., 331, 312 


(1959). 


KLInGENBERG, M., in JUB/IUBS symposium on biological 


structure and function, Stockholm, 1960, Academic Press, Inc., 
New York, in press. 

Cuance, B., Wiuiiams, G. R., J. Biol. Chem., 217, 395 
(1955). 


— 


™ 


49. 


52. 


| 
38 
|” 
2 
9 40. 
42. 
| 
| 
| 
10 48. 
11 
| 
12 
15 
= 
17 
18 
20 
| 
2) 
26 
28 
32 
36 
= 


0. 5 


Re- 


ymol- 
p. 1. 


cture 
New 


603 


n. 2. 


May 1961 

38. CHANCE, B., AND BALTSCHEFFSKY, M., Biochem. J., 63, 283 
(1958). 

39. CHANCE, B., AND HaarHara, B., Biochem. and Biophys. Re- 
search Communs., 3, 1 (1960). 

40. HOLLUNGER, G., Acta Pharmacol. Toxi ol., 11 (Suppl. 1), 
(1955). 

41. CHANCE, B., AND SackTor, B., Arch. Biochem. Biophys., 76, 
509 (1958). 

42. CHANCE, B., AND Haainara, B., in Proceedings of the Inter- 
national Congress of Biochemistry, Moscow, 1961, Pergamon 
Press, London, in press. 

43. CHANCE, B., in 8S. P. CoLowick AND N. O. KApLan, Editors, 
Methods in enzymology, Vol. 4, Academic Press, Inc., New 
York, 1957, p. 273. 

44. EstaBrRook, R. W., aND Ho.towinsky, A., J. Biophys. Bio- 
chem. Cytol., 9, 19 (1961). 

45. CroTti1, M. M., KapLan, N. O.,in S. P. CoLOWICK AND N. O. 
KAPLAN (Editors), Methods in enzymology, Vol. 4, Academic 
Press, Inc., New York, 1957, p. 890. 

46. CHANCE, B., Rev. Sci. Instr., 22, 634 (1951). 

47. CHANCE, B., Science, 120, 767 (1954). 

48. CHANCE, B., AND WILLIAMs, G. R., J. Biol. Chem., 217, 383 
(1955). 

49. CHANCE, B., Conrapb, H., AND LEGALLAIS, V., Program and 
Abstr. Meeting of Biophys. Soc., Cambridge, Mass., 1958, p. 
44. 

50. CHANCE, B., AND WiuutaMs, G. R., J. Biol. Chem., 217, 429 
(1955). 

51. KLINGENBERG, M., AND SCHOLLMEYER, P., Biochem. and Bio- 
phys. Research Communs., 4, 38 (1961). 

52. KLINGENBERG, M., Mosbacher Kolloquium, April, 1960, 


Springer Verlag, Berlin, in press. 


B. Chance and G. Hollunger 


62. 


1543 


. CHANCE, B., Biochem. and Biophys. Research Communs., 3, 


10 (1960). 


. Cuance, B., AND H., J. Biol. Chem., 233, 


736 (1958). 


. Birt, L. M., BarTLeEy, W., Biochem. J., 76, 427 (1960). 
R.G., Kress, H. A., EaGieston, L. V., Biochem. 


J., 78, 95 (1961). 


. SLATER, E.C.,in F. F. Norp (Editor), Advances in enzymology, 


Vol. 20, Interscience Publishers, New York, 1958, p. 147. 


. CHANCE, B., AND WIiuLuiaMs, G. R., in F. F. Norp (Editor), 


Advances in enzymology, Vol. 17, Interscience Publishers, 
New York, 1956, p. 65. 


. Houton, F. A., Biochem. J., 61, 46 (1955). 
. CHANCE, B., Discussions Faraday Soc., 17, 120 (1954). 
. SLATER, E. C., in G. E. W. Wo_sTENHOLME AND C. M. O’Con- 


NoR (Editors), Ciba Foundation symposium on quinones in 
electron transport, J. &. A. Churchill, Ltd., London, 1961, 
p. 340. 

CHAPPELL, J. B., in G. E. W. WotsTENHOLME AND C. M. 
O’ConNorR (Editors), Ciba Foundation symposium on qui- 
nones in electron transport, J. &. A. Churchill, Ltd., Lon- 
don, 1961, p. 341. 


. N. O., CoLtowick, 8. P., ZaTman, L. J., Crorrt, 


M. M., J. Biol. Chem., 205, 31 (1953). 


. Stein, A. M., Kapuan, N. O., ann Crorti, M. M., J. Biol. 


Chem., 234, 979 (1959). 


. Purvis, J. L., Biochim. et Biophys. Acta, 30, 448 (1958). 
. LEHNINGER, A. L., in The Harvey Lectures, Series 49, 1953- 


1954, Academic Press, Inc., New York, 1955, p. 176. 


. CHANCE, B., AND THORELL, B., J. Biol. Chem., 234, 3044 (1959). 


| 
| 
). 
409 
ot 
ress, 
bio- 
New 
59 
n en- 60 
any, 61 
666 
63 
65 
66 
7 
1555 
1562 
1577 
486 
959, 
Am. 
, 18, 
“ture 
New 
159). 
65 | 
‘ture 
New 
160). 
ine., 
Bio- 
312 
nical | 
ine., 
395 


THE JOURNAL OF BIOLOGICAL CHEMISTRY 
Vol. 236, No. 5, May 1961 
Printed in U.S.A. 


The Interaction of Energy and Electron Transfer 
Reactions in Mitochondria 


Il. GENERAL PROPERTIES OF ADENOSINE TRIPHOSPHATE-LINKED OXIDATION OF 
CYTOCHROME AND REDUCTION OF PYRIDINE NUCLEOTIDE* 


BRITTON CHANCE 


From the Johnson Research Foundation, University of Pennsylvania, Philadelphia 4, Pennsylvania 


(Received for publication, November 21, 1960) 


In the preceding paper (1), we demonstrate a succinate-linked 
reduction of pyridine nucleotide that is sensitive to the concen- 
tration of high energy intermediates in the mitochondria and, in 
a subsequent paper (2), a pathway of electron transfer that sug- 
gests that the energy required in this reaction is expended through 
carriers of the respiratory chain in an energy-linked reversal of 
electron transfer. Although only a portion of the electron trans- 
fer from the substrate follows this reversed pathway (1), it is 
important to determine whether the reversal is a general phenom- 
enon or is limited to the branch of the respiratory chain that 
leads to succinate-linked pyridine nucleotide reduction. To this 
end, we describe here adenosine 5’-triphosphate-linked oxidation 
of cytochromes and flavoprotein and reduction of pyridine nu- 
cleotide in pigeon heart, rat liver, and rat brain mitochondria and 
in particles from digitonin-treated rat liver and pigeon heart 
mitochondria. 


EXPERIMENTAL PROCEDURE 


Materials and Methods—Preparation of pigeon heart, rat liver, 
and flight muscle mitochondria, reaction media, and physical 
techniques are described elsewhere (cf. Paper I (1)). Rat brain 
mitochondria were prepared by a modification! of the method of 
Voss et al. (3); 0.2 m TRA (triethanol amine hydrochloride) was 
substituted for Tris in the reaction medium. Particles of rat 
liver mitochondria were prepared by digitonin treatment accord- 
ing to the method of Devlin and Lehninger (4) (imidazole molar- 
itv was 0.02), and of pigeon heart mitochondria by a modification 
of their method? (1.7 mm Versene was added to the mannitol- 
sucrose-Tris reaction medium). Assays of the effect of ATP on 
ubiquinone (coenzyme Q) were made by extraction according to 
the method of Pumphrey and Redfearn (5).3 Experiments were 
conducted at 26° unless otherwise indicated. Appropriate scales 
for time, absorbancy, and concentration are indicated on the 
records; time proceeds from left to right. 

General Considerations—It is well understood that demonstra- 
tion of an energy-linked oxidation of cytochrome must be based 
on a system in which the oxidation could not possibly arise from 
activation of cytochrome oxidase. It is equally essential to 


* This research has been supported in part by a grant from the 
National Science Foundation. 

1H. Isaacs, unpublished work. 

2 U. Fugmann, in preparation. 

3 F. Schindler and S. Cherim, unpublished work. 


avoid confusion with merely a “steady state’? phenomenon; for 
example, an ATP inhibition of electron transfer in aerobic mito- 
chondria might well lead to increased cytochrome oxidation, but 
this would not necessarily be an energy-linked reaction (6,7). To 
circumvent these two difficulties, we have carried out experiments 
in anaerobiosis and in the presence of terminal respiratory in- 
hibitors, such as hydrogen cyanide and hydrogen sulfide. 

Of the reagents tested for removing oxygen from the mito- 
chondrial suspension, including sulfite, borohydride, and sodium 
dithionite, the last proved most effective since: (a) it reacts 
rapidly with oxygen (8); (6) its decomposition products have no 
noticeable effect on the mitochondria;‘ (c) it apparently does not 


immediately penetrate the mitochondrial membrane and, under | 


these circumstances, acts essentially as a disoxygenation rather 
than a reducing agent; and (d) a delay of ~90 seconds between 
the addition of dithionite and of ATP has little effect on the 
reaction, although at longer times and with large excesses of 
dithionite the ATP reaction cannot be demonstrated. Studies 
of particulate preparations (Keilin and Hartree succinic oxidase 
or “digitonin”’) show that their carriers are readily accessible to 
dithionite. In fact, the reduction obtained with dithionite ex- 
ceeds that obtained in anaerobiosis (9) and dithionite prevents 
the ATP effect in the “digitonin”’ particles. 

The experimental procedure for adding dithionite was as 
follows. <A stock solution of dithionite was made up in 0.10 » 
borate buffer (pH 8.0) to a concentration of 0.04 to 0.08 m. 
A few uliters of this solution were added to a succinate-treated 
suspension of pigeon heart mitochondria in the air-saturated 
mannitol-sucrose-Tris medium (1). Care was taken, in deliver- 
ing the drop of dithionite onto the stirring rod and in its mixture 
in the cuvette, that it was exposed to the atmosphere for no 
longer than 10 seconds. The oxygen content of the mitochon- 


drial suspension was titrated by several successive additions of © 


dithionite so that its effective concentration could be computed 
in oxygen equivalents. The oxgyen remaining in the suspension 
was then read from the platinum microelectrode trace and over 
twice the amount of dithionite calculated to cause anaerobiosis 


was added. 
For the addition of ATP to a dithionite-treated mitochondrial 


4 Independent observations show that peroxides in low concen- 
trations have no measurable effect on respiratory control and 
oxidative phosphorylation in pigeon heart mitochondria (B. 
Chance, unpublished data). 
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suspension, the top of the cuvette (15 * 10 mm) was covered 
with a Teflon block containing a hole 2 X 3 mm, thus minimiz- 
ing the surface area to which oxygen would have access. This 
precaution was taken to avoid introducing sufficient oxygen to 
eause an oxidation of cytochrome unrelated to the effect of ATP. 
Most “oxygen stirring” effects are caused by mixing a thin layer 


of oxygen at the top of the cuvette with its contents; in these 


experiments the amount of oxygen introduced by plunging the 
stirring rod into the solution is negligible compared to the excess 
dithionite present. No cytochrome oxidation was observed in 
stirring controls in which ATP was omitted. 

Terminal inhibitors were added as the sodium salt, and are iden- 
tified as the dissolved gasin Tables I and II. With any inhibitor, 
complete inhibition of the enzymatic activity can be approached 
only as a limiting value. Suitable controls with additional in- 
hibitors such as malonate or antimycin A show that any oxidase 
activity in the presence of the given concentrations of hydrogen 
sulfide or hydrogen cyanide is too slow to be of importance in the 
ATP effects. Studies in the presence of dithionite are relied upon 
to ensure that cytochrome oxidation does not result from inter- 
ference of ATP in the effectiveness of the terminal respiratory 
inhibitor. 

Since the effectiveness of ATP depends upon the ‘phosphate 
potential” (ATP/ADP-P;), ADP and Pj; are not added, nor is 
Mg** (1). 

Since for every oxidation there must be a corresponding re- 
duction, it is essential that the anaerobic or terminally inhibited 
respiratory chain contain some reducible material. The reaction 
sensitive to the concentration of high energy intermediates in 
the mitochondria (1) is found to be involved in the ATP-linked 
oxidation of cytochrome. Upon treatment of pigeon heart mito- 
chondria with succinate and a terminal inhibitor (e.g. hydrogen 
cyanide or hydrogen sulfide), pyridine nucleotide remains oxidized 
in spite of the fact that cytochromes c and a are completely re- 
duced. Thus, the system is ready for a test of ATP-electron 
transfer by simultaneous spectrophotometric and fluorometric 
measurements of the oxidized and reduced substances formed. 


RESULTS 


Experiments in Anaerohiosis Obtained by Dithionite—In the 
experiments recorded in Fig. 1, the mitochondrial suspensions 
were titrated with dithionite as described above. The initial 
concentrations of oxygen and dithionite, the latter computed in 
oxygen equivalents, are indicated. Addition of 110 um dithionite 
is followed by an abrupt downward deflection of the polaro- 
graphic trace, indicating rapid exhaustion of oxygen, and a 
simultaneous downward deflection of the spectrophotometric 
trace, indicating reduction of cytochrome. For cytochromes 
aand c, the reduction is complete, for cytochrome 6, incomplete. 
There is no deflection of the fluorescence trace corresponding to 
pyridine nucleotide reduction. Independent measurements in 
the presence of terminal respiratory inhibitors verify the lack of 
pyridine nucleotide reduction and provide controls indicating 
that the concentration of dithionite added is sufficiently small 
that negligible absorption of the excitation light at 365 my 
occurs. 

When cytochromes a and c are completely reduced, 710 um 
ATP is added, and abrupt upward deflections of the two spectro- 
photometric traces corresponding to oxidations occur. For cy- 
tochrome c, the initial slope corresponds to oxidation at the rate 
of 0.42 um Fe per second. Pyridine nucleotide is abruptly re- 
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0, 
Cytochrome a Oxidation 


605-575my 


Fic. 1. Anaerobic oxidation of cytochromes a, c, and b and the 
simultaneous reduction of pyridine nucleotide in three separate 
suspensions of pigeon heart mitochondria. The final concentra- 
tions of the added reagents are indicated on the diagrams, that of 
dithionite being computed in oxygen equivalents. The labeled 
traces of each record correspond to the kinetics of oxygen (meas- 
ured polarographically), cytochrome (measured spectrophoto- 
metrically), and pyridine nucleotide (measured fluorometrically). 
1.9 mg of protein per ml (Experiment 193b-15, 16, 20). 


duced at an initial rate of 1.2 um DPNH per second. Cyto- 
chrome b, after a short delay, is slowly reduced (see below). 

The oxidations of cytochromes a and ¢ aretransient, and in ~10 
seconds that of cytochrome c has subsided to half its maximal 
value. A similar effect is observed for cytochrome a at a some- 
what longer half-time. The extent of reduction of pyridine 
nucleotide and cytochrome b is stable, at least on the time scale 
of these recordings. 

Table I summarizes the extent of cytochrome oxidation and 
pyridine nucleotide reduction under a variety of experimental 
conditions. In Experiment 193, of which the records of Fig. 1 
are a part, the ATP-induced oxidation of cytochromes a and c 
was ~30% and the reduction of cytochrome b and pyridine 
nucleotide was ~50%. A convenient end point for calculating 
100% reduction of pyridine nucleotide is taken as the total re- 
duced in State 4 in the presence of ATP and succinate. 

Experiments in Presence of Hydrogen Cyanide and Hydrogen 
Sulfide: Pigeon Heart Mitochondria—Of the three terminal in- 
hibitors of respiration tested—hydrogen sulfide, hydrogen cyanide, 
and azide—the first two give equal results at concentrations be- 
tween 9.1 and 1.0 mM, causing reduction of cytochrome in less 
than a minute in the presence of succinate and in about 2 minutes 
in the absence of succinate. To prepare the inhibitory solu- 
tions, potassium cyanide or sodium sulfide (0.10 mM) were dissolved 
in water and the containers tightly stoppered. The same sample 
was used no longer than a week. Azide is not suitable for these 
experiments since, even though low concentrations have no ap- 
preciable effect on energy transfer in liver mitochondria (10), the 
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TABLE I \ 

ATP-induced steady state changes in components of respiratory chain 1.’ 

Pigeon heart mitochondria; mannitol-sucrose-Tris (pH 7.4) medium; temperature, 26°. ra 
| | | Percentage change an 

Experiment Inhibitor | Substrate [ATP] a | | | re 
| | chrome wee Ubi quinone tic 

| uM | | OX 

165 | 430 um HCN Succinate | +57 OX 
170b um HCN Succinate 28 | —§8 | —68 + (+) +63 
| | | cv 

171b 360 um HS Glutamate, 23 | -32 | -56 | —22 —29 +60 pe 
| | succinate | | he 

185d 360 um HLS None +27 tre 
360 um HS Succinate 53800 | —69 + (~100) dit 

189e 360 um HS Succinate 36 | — 46 +48 h 
| (>66) 

19la,b | 360 um HS Succinate | | rec 
192d 360 um Succinate 89 —71 O0—+86 — 56 +90 sec 
193 Excess 8.0, Succinate 710 | —33 | —29 (+50) +54 rat 
198b 360 um HS None 5.6 —32 —25 | —29 —33 +2 Dv 
301 360 um HS _ | None 25 | (—30) +20 ma 
288 1mm H2S,1mmMHCN | None 670 | —25 int 
173b 360 um HS Succinate 36 —5l —47 +56 dee 
2 wg per ml HQO | : 

174 360 um NaS Succinate 30 —10 + (50) * 
OXI 

1.5 mm Amytal 

178d 360 um NaS Succinate 144 —29 — (<10) —-+() +10—0 — 
4.4 wg per ml HQO by 

178f 360 um Na.S Succinate 72 + +24 int 
1.4 mm Amytal 
trai 
T 
Pyridine Nucleotide Reduction | re 

365—» 450mp 0 
0.068yM suct 
26uM ATP /sec red 
3.6yM OPNH 

+. <— Fig 
2.2yM OPNH/sec ae PN R 
Aerobic PH.M, Aerobic dete 

Plus PH. M, Ce 
4mM Succinate — Fe/sec Co inhi 
360pM No,S | Fe/sec witl 
with 
530yM ATP C ~¢ Oxidation | cB! 

ytochrome-c Oxidation 
550-540mp 50sec ——4 ditic 
A B chro 
t i sir 
e/1=0,005 log Ie/I=0.002 
itoni 


Fic. 2. Spectrophotometric and fluorometric records, respec- sodium sulfide. 1.1 mg of protein per ml (Experiment 185-3). B. 
tively, illustrating oxidation of cytochrome c and reduction of | Succinate-free pigeon heart mitochondria pretreated with sodium — and 
pyridine nucleotide in mitochondria inhibited with sodium sulfide. sulfide. Preparation aged 24 hours. 1.4 mg of protein per ml; _ treat 
A. Pigeon heart mitochondria pretreated with succinate and temperature, 26°; optical path length, 1 em (Experiment 170e-3). ogi, 


concentrations necessary for rapid and complete reduction of in an oxidized state. Addition of 530 um ATP causes cytochrome | - 
cytochrome (1 to 4 mM) do inhibit energy transfer in pigeon oxidation and pyridine nucleotide reduction; the response of | ree 
heart mitochondria (11). cytochrome c¢ is cyclic whereas that of pyridine nucleotide is \TP 

Fig. 2A records an experiment illustrating ATP-induced cyto- monotonic, as in the presence of dithionite (ef. Fig. 1, middle). | ia th 
chrome oxidation in aerobic pigeon heart mitochondria pre- The rate of the reaction can be compared with the oxidase ee 
treated with 4 mM succinate and 360 um sodium sulfide, com- activity. In separate experiments the rate of respiration in the stig 
pletely reducing cytochrome c but leaving pyridine nucleotide presence of phosphate and ADP was 2.4 um O2 per second. The / abet 


No. 5 


- pyridine nucleotide reduction (0.11/2 = 0.055). 
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ATP-induced oxidation of cytochrome ¢ proceeds at the rate of 
1.2 um Fe per second and pyridine nucleotide reduction at the 


~ rate of 2.2 um DPNH per second. Converting these four values 
— to l-electron rates gives 1.2 for cytochrome c, 4.4 for DPNH, 


and 9.6 for oxygen under the conditions given. Thus, the 
reducing equivalents have been transferred to pyridine nucleo- 
tide upon addition of ATP in the presence of sodium sulfide at 
a slow rate compared to that at which they were transferred to 
oxygen in the absence of sulfide. The initial rate of cytochrome 
oxidation is less than that of pyridine nucleotide reduction. 

To investigate further the correlation between the rates of 
cytochrome oxidation and pyridine nucleotide reduction, the ex- 
periment of Fig. 24 was repeated with succinate-free pigeon 
heart mitochondria that had been aged for 24 hours and _ pre- 
treated with 136 um sodium sulfide (Fig. 2B). Under these con- 
ditions, addition of 28 um ATP causes 75% oxidation of cyto- 
chrome c at a rate of 0.11 um Fe per second and only a small 
reduction of pyridine nucleotide at a rate of 0.068 um DPNH per 
second. On a 2-electron basis, these rates are almost equal, the 
rate for cytochrome oxidation only slightly exceeding that for 
Therefore, it 
may not be mandatory for reducing equivalents to be transferred 
into pyridine nucleotide more rapidly than into cytochrome; in- 
deed, there may be other recipients of the reducing equivalents. 

Another consideration is that, since cytochrome c is also an 
oxidant of cytochrome a, the rate observed in Fig. 2B may rep- 
resent the difference between the rate of cytochrome c oxidation 
by ATP and that of its reduction by cytochrome a. However, 
interpretation on this basis requires more knowledge of the sites 
at which ATP enters the chain to induce reversal of electron 
transfer than is now available. 

Table I, Experiment 185d, gives the percentage of cytochrome 
oxidation and pyridine nucleotide reduction under the conditions 
of Fig. 24. A repetition of the experiment in the absence of 
succinate gives 86% oxidation of cytochrome c and a small 


_ reduction of pyridine nucleotide comparable to that observed in 


2B. 


Rat Liver Mitochondria and “Digitonin”’ Particles—In order to 
determine the generality of the effect of ATP on preparations 
inhibited as in Figs. 24 and 2B, the experiments were repeated 
with other materials. Intact rat liver mitochondria (Fig. 2C) 
are suspended in the mannitol-sucrose-Tris medium and treated 
with 360 um sodium sulfide. Within ~60 seconds cytochrome 
cis reduced and pyridine nucleotide considerably oxidized. Ad- 
dition of 71 um ATP causes an abrupt cyclic oxidation of cyto- 
chrome c and an exponential reduction of pyridine nucleotide, 
as in the previous records. 

In another experiment (Fig. 2D) particles derived from dig- 
itonin-treated rat liver mitochondria by the procedure of Devlin 
and Lehninger (4) are suspended in mannitol-sucrose-Tris and 
treated with 4 mm succinate.2 As before, addition of 360 um 
sodium sulfide is followed by an abrupt reduction of cytochrome 
c. There is, however, no measurable reduction of pyridine nu- 
cleotide. Addition of 350 um ATP elicits a small cyclic oxida- 
tion of cytochrome ¢ and a monotonic reduction of pyridine nu- 
cleotide. It should be noted that the higher concentration of 
ATP gives a smaller oxidation and reduction than those observed 


inthe intact rat liver mitochondria of Fig. 2C. Otherwise, the 


general characteristics of the phenomena appear identical and 


_ are of particular interest because of the absence of endogenous 


substrate in the digitonin-treated particles. 
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Fic. 2C. Rat liver mitochondria (0.8 um cytochrome c). Man- 


nitol-sucrose-Tris medium (pH 7.4) containing only endogenous 
substrate (Experiment 199b-3). D. Particles from digitonin- 
treated rat liver mitochondria (0.8 um cytochrome c) suspended in 
mannitol-sucrose-Tris reaction medium (pH 7.4) (Experiment 


199b-3). 
50sec —_+| 
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50sec ——+ 
Fic. 3. Spectrophotometric records of the oxidation of cyto- 
chromes a; + a, a, and ¢ and flavoprotein in four separate suspen- 
sions of pigeon heart mitochondria treated with sulfide, succinate, 
and glutamate. 1.2 mg of protein per ml (Experiment 171b). 


The percentage oxidations observed in the pigeon heart, rat 
liver, rat brain and “digitonin” preparations from pigeon heart 
and rat liver are compared in Table II. 

Oxidation of Other Components—The records of Fig. 3 illustrate 
the responses of cytochromea + a3and flavoprotein to the addition 
of 28 um ATP to aerobic pigeon heart mitochondria treated with 
360 um sodium sulfide, succinate, and glutamate* Like cyto- 
chrome c, cytochrome a and flavoprotein are oxidized; pyridine 
nucleotide is reduced. These results confirm and extend those 
obtained in the presence of dithionite (Fig. 1); the percentage 
changes obtained in the two experiments can be compared in 
Table I. The large absorbancy change at 445 to 460 muy is 
interpreted as an oxidation of cytochrome, possibly cytochrome a 
alone, possibly with some contribution from cytochrome a3. 


5 In these experiments, the order of addition was sulfide, suc- 
cinate, glutamate. Thus, any glutamate that was converted to 
a-ketoglutarate by transamination was not further oxidized. If, 
however, glutamate and succinate were added before sulfide, then 
ATP would be formed before the sulfide addition and no effects 
from further ATP additions would be observed. 
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TABLE II 


Effect of ATP on various mitochondrial preparations (Experiments 189c; 


199a, b; 213b; 276a) 


Source of mitochondria Medium Substrate 
Pigeon heart Mannitol-sucrose-Tris Succinate 
Pigeon heart (“digito- Mannitol-sucrose-Tris Succinate 

nin’’) + Versene 
Rat liver Mannitol-sucrose-Tris | None 
 Suecinate 


Rat liver (‘‘digitonin’’) | Mannitol-sucrose-Tris 


ate 

Succinate 
Rat brain Mannitol-sucrose-TRA None 
Flight muscle (Wusca Mannitol-sucrose-Tris None 


domestica) 


8-Hydroxybutyr- 


Percentage change of 


components 
Inhibitor [ATP)} 
| Cytochrome | Pyridine 
c nucleotide 
360 um HS 36 —46 +48 
400 um HCN 670 | —45 + 
+19* 
360 um HS +634 
330 um 670 —34 
600 um HS 500 — 29 


* Increment over that caused by 6-hydroxybutyrate only. 
+ Percentage of the 8-hydroxybutyrate + ATP response. 


Until further data are available, we tentatively assign this effect 
to cytochrome a + a3. 

Response of Cytochrome b—It is evident from Fig. 1 (bottom) 
that the response of cytochrome 6 is anomalous, inasmuch as it 
is partially reduced on addition of dithionite and further reduced 
at a slow rate on addition of ATP. This is verified in Fig, 4, 
which compares the responses of cytochromes b, c, and a to 
succinate, sulfide, and ATP. Addition of 4 mm succinate causes 
no increase in reduction of the three components. Sodium sulfide 
(360 uo) elicits complete reduction of cytochromes a and c within 
60 seconds and a concurrent partial reduction of cytochrome 6b 
which reaches a plateau at about the same time. Addition of 
36 um ATP then causes an abrupt cyclic oxidation of cytochromes 
a and c but no immediate change in cytochrome b. Subse- 
quently this component is slowly further reduced in an apparently 
zero order reaction which continues until the cycles of oxidation 
and reduction of cytochromes a and ¢ are complete; thereafter, 
no further change is observed. These effects suggest comparing 
the response of cytochrome 6 with that of pyridine nucleotide 
and stimulate serious speculation that the reduction of cyto- 
chrome 6 is energy-linked. 

Response of Ubiquinone—Addition of small amounts of ATP 
causes absorbancy changes at 280-300 my (cf. Table I) which, 
when suitably corrected for ATP absorption, indicate that ubi- 
quinone is ~30% oxidized. More accurate chemical assays of 
other preparations show ubiquinone to be ~25% oxidized.?— Al- 
though further experiments are required, the response of ubi- 
quinone appears to be similar to that of flavoprotein and cyto- 
chrome. 

Summary of the Responses—Comparison of the percentage 
changes of steady state oxidation-reduction levels of the respira- 
tory carriers (Table I) shows certain general results. Under all 
conditions cytochromes c and a are oxidized upon addition of 
ATP, the degree of oxidation varying with the presence of sub- 
strate and the tightness of coupling in the mitochondrial prep- 


aration; in general, however, in the presence of succinate they 
can readily be oxidized 50% under a variety of experimental 
conditions. Flavoprotein is also uniformly oxidized, although 
to a lesser extent. Pyridine nucleotide is always reduced—to a 
small extent in the absence of succinate and usually ~50% in 
the presence of succinate; in some cases pyridine nucleotide re- 
duction approaches completion. The response of cytochrome } 


is usually barely observable immediately after addition of ATP. | 
Difference Spectra of ATP-oxidized Respiratory Chain—To | 


determine that the changes of light absorption observed in Figs. 


1 to 4 are specific and correspond to cytochrome oxidation, the — 


split beam recording spectrophotometer (12) was used to plot 
changes of absorption that occur after addition of ATP toa 
sulfide-inhibited preparation of pigeon heart mitochondria to 
which no substrate was added. (The ATP-linked oxidation of 
cytochrome is transient in the presence of substrate (Figs. 1 to— 
4) but considerably longer in the absence of substrate (Fig. 2B)). 


In Fig. 5 (left), the dotted spectrum represents the difference in | 
| 
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605—630 mp 4 60 - 
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Cytochrome b 
560-575 mz = 
log 0,005 3/360 uM 

wm ate 

+ sec. 

Cytochrome 
550-540 mu 


log 10420.005 


_ Fig. 4. Comparison of the responses of cytochrome 0} with 
those of cytochromes a and c to ATP in succinate- and sulfide- 
treated pigeon heart mitochondria. 1.2 mg of protein per ml 
(Experiment 191d). 
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absorbancy between two suspensions of pigeon heart mitochon- 


- dria, in one of which the cytochromes have been oxidized by 
~ ATP and in the other of which they have been reduced by treat- 
- ment with sodium sulfide. 
the reference material, the spectrum shows the a band of cyto- 


Since the oxidized sample is used as 


chrome c peaking at 550 my and the 8B band peaking at ~520 
mu. The solid spectrum represents the difference between an 
aerobic, uninhibited mitochondrial suspension and a sulfide-in- 
hibited suspension. The similarity of these two spectra verifies 
that the product of ATP oxidation under the given conditions is 
indistinguishable from that obtained by oxygen. 

The difference spectra of Fig. 5 (right) were obtained with 
portions of the same mitochondrial suspension cooled to the 
temperature of liquid nitrogen (13). The oxidized-minus-reduced 
spectrum contains a clear band of cytochrome c with separate 
a, and a2 peaks. The ATP-oxidized-minus-reduced spectrum 
(14) also shows two peaks identifying cytochrome c. The ex- 
tent of oxidation of cytochrome c at the low temperature was not 
as great as that at room temperature. Nevertheless, the oxida- 
tion of cytochrome c is positively identified. 

To identify the slow appearance of reduced cytochrome }, 
a series of room-temperature recordings was made of the spectrum 
representing the difference between two mitochondrial suspen- 
sions, both treated with 360 um sodium sulfide and one treated 
with 300 wm ATP (Fig. 6). In this experiment, the reduced 
sample (— ATP) was the reference material and thus the troughs 
of the spectra represent the absorption bands of components 
that have disappeared because of ATP treatment. In the first 
measurement, 1 minute after ATP addition, the troughs of the 
spectrum show that cytochromes a and ¢ are considerably oxi- 
dized. Subsequent measurements 4, 7, and 10 minutes after 
ATP addition show diminished oxidation of cytochromes a and 
cand considerably increased reduction of cytochrome b. 

In the graph of Fig. 7, absorbancy changes occurring at the 


peaks and troughs of the a bands of the three components are 
- plotted as a function of time. 


At the end of 10 minutes, the 


_ ¢q band has almost totally disappeared and only a small portion 


— 


Oxidized By Oxygen Minus Reduced 


0.005 
Oxidized 
By ATP Ca, 
Minus 
Reduced 
! 
' 
r T T 
T 
510 530 550 570, 545 565 
(x mp) (x mp) 


Fic. 5. Difference spectrum of cytochrome c of pigeon heart 
mitochondria at room (left) and liquid nitrogen temperatures. 
400 um sodium sulfide added to both cuvettes; 1 mm ATP added to 
one cuvette. At 300° K, 1.1 mg of protein per ml; optical path 1 
em. At77° K, 1.5 mg of protein per ml; optical path, 1 mm (Ex- 


| petiment 185c-1, 2). 
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I min 
0.005 (i cm) 


490 5IO 530 550 570 590 610 
» (my) 

Fic. 6. Room temperature difference spectra representing 
the course of absorbancy changes at various times after adding 
ATP to sodium sulfide-treated pigeon heart mitochondria (no 
succinate added). 300 um ATP added to one cuvette; 1.1 mg of 
protein per ml; optical path, 1 em (Experiment 185c-3). 


+0.020— 
+0.015— 
+0.010— ba 
aa 
+0.005— 
Ca 
Oo | 4 7 10 


Time After Adding ATP (min) 


Fic. 7. Kinetics of absorbancy changes recorded at pairs of 
wavelengths suitable for cytochromes a, c, and b (cf. Fig. 4) 
graphed from Fig. 6 as a function of time after adding ATP (Ex- 
periment 185c-3). 


The 6, band, however, has increased 
These results further substantiate those 


of the ag band remains. 
and reached a plateau. 
observed in Fig. 4. 

Effect of Amytal—Table III summarizes studies of the effect 
of 1.5 mm Amytal on the response of 3 respiratory carriers to a 
low concentration of ATP. Because of the low concentration of 
the mitochondrial suspension (0.8 to 1.0 mg of protein per ml), 
rates of oxidation and reduction were rather slow. Even so, 
Amytal had a pronounced effect, markedly diminishing the ex- 
tent of oxidation of cytochrome c and flavoprotein and increasing 
the extent of reduction of pyridine nucleotide. 

Repeated additions of ATP to Amytal-treated pigeon heart 
mitochondria ultimately gave a large reduction of pyridine 
nucleotide and flavoprotein; as the degree of their reduction in- 
creased, their response to successive additions of ATP diminished. 

Effect of Malonate—Whether electron transfer from succinate 
is essential for an ATP-activated oxidation of cytochrome in 
terminally inhibited preparations can be determined from the 
effect of malonate. In the experiment of Fig. 8A, aerobic pigeon 
heart mitochondria were treated with a low concentration of 
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Taste III succinate (6/0.010 = 600; for detailed data, see Paper V (11)), > 9: 

Effect of Amytal on response of respiratory carriers to ATP and thus is consistent with highly, but not completely inhibited | ¢} 
Pigeon heart mitochondria; mannitol-sucrose-Tris medium electron transfer through the antimycin-sensitive point. : al 
(pH 7.4); 0.8 mg of protein per wall 360 um NaoS; 4 mM succinate; Effect of HQO—The effects of HQO® are summarized in Table et 
30 aM ATP; temperature, 265° ( Experiment 174). IV. At the concentration used, 2.2 wg per ml, its inhibition of — ¢j 


the rate and extent of cytochrome ¢ oxidation is smaller than 4 


that of antimycin A, but is nonetheless significant. More rele. 

Rate of Percentage Rate of Percentage Rate of Percentage Vant to this discussion is the clear inhibition of pyridine nucleo- | de 

| change* reduction change" tide reduction which indicates that ATP-activated reduction of ni 

| DPNH/ pyridine nucleotide in sulfide-inhibited mitochondria shows a} 

| | : sensitivity to inhibitors of the antimycin-sensitive point that is 

0 0.032 —44 0.013 —12 | 0.06 +46 (P IV (2)). in 
15 0.010 _is | 0.004 _3 | 0.03 | +60 similar to that in aerobic mitochondria aper : 

vERE: . | | | Effect of Successive Additions of ATP—If ATP is added re. fo 

* Of extent of reaction (cf. Tables I and ID). petitively to a sulfide- and HQO-treated suspension under the the 

re’ 

Cytochrome -c Reduction | tc 

550-540my po 

log Ie/I=O.010 lin 

pr’ 

Na,S 360uM No2S 3604M No,S en 

PHM, SE ATP a 

OAmM tio 

Succinate == ¢ : eal 

Malonate 

3.5y A- pa 

Fig. 8. Effects of malonate and antimycin A upon ATP-activated oxidation of reduced cytochrome c in pigeon heart mitochon- (a) 

dria. 1.6 um cytochrome c; volume, 2.6 ml (Experiment 205-b). bi 

succinate, 0.8 mM, and with 360 um sodium sulfide. After re- TaBLe IV a6 

duction of cytochrome c, 7 mM malonate was added, so effectively Effect of HQO on rate and extent of effect of ATP r* 

blocking succinic dehydrogenase (fumarate-succinate = ~9) Pigeon heart mitochondria; mannitol-sucrose-Tris medium tio 

that the minute portion of the residual, uninhibited oxidase (pH 7.4); 1.1 mg of protein per ml; 4 mM succinate; 360 um Na,S; of 

activity caused a 10° oxidation of cytochrome c. Addition of 36um ATP; temperature, 26° (Experiment 178b, c). ) 

350 um ATP then gives a response similar to that in Fig. 3. | a o 

A point worth noting is that ATP causes neither a very rapid | ee en ee ees 

nor a very large oxidation of cytochrome even in the presence of | 

minimal reductase activity. ! oxidation change* reduction | change* ul . 

Effect of Antimycin A—The need for electron transfer from | um DPNH/sec 

cytochrome to an acceptor on the substrate side of the antimy- 0 9.041 | fe 0.23 ] 

cin-sensitive point is demonstrated by the experiments of Figs. 29 0.12 

SBand8C. Inthe former, 3.5 wg (y) antimycin A is added upon ! os | 

reduction of cytochrome c, causing a small reoxidation because * Of extent of reaction. tee 

of the high degree of inhibition obtained with this reagent. é 


Addition of 350 _ ATP elicits oxidation of cytochrome cata conditions of Table IV, the responses of cytochrome 6, flavo- but 
rate approximately 5 times slower than that in the presence of protein, and pyridine nucleotide become scarcely measersilt: | des 
matonate (Pig. BA). Nevertheless, continued cycles of oxidation and reduction of pyr 

Fig. 8C illustrates t he combined effects of antimycin A and cytochromes ¢ and a are observed, the rates of oxidation being sec 
malonate. After addition of Al the oxidation of cytochrome somewhat inhibited es in the af O08 00. on 
¢ first shows a clear-cut induction period and about 10 seconds nature of the electron acceptor is considered below (see “Discus- wit] 


later proceeds slowly to near-completion at a rate comparable .. _,, 

hat in Fig. 8B, ‘The only bento 
OF the response to successive additions of ATP. For example, dine 


th the a preparation treated with 360 um sodium sulfide in the absence of t 
of of succinate (Fig. 9), addition of 71 um ATP gives a very large: The 
the cage oxidation of cytochrome c. However, three additions of 71 a 
and 8C, the rate of electron transfer is slow compared with the ATP were followed by successive dectenses in the panel 
rate of respiration (the turnover number ef cytochrome c is only 
léoo of that observed in state 3 respiration in the presence of 6 The abbreviation used is: HQO, hydroxyquinoline N-oxide. 


Prov 
cow 


No. 5 


(11)), 
ibited 


Table | 


ion of | 


than 


e rele- 
ucleo- 
ion of 
OWS a 
that is 


ed re- 
er the 


ochon- 


flavo- 
irable. 
ion of 
being 
The | 
Jiscus- 


tion of 
ple, in| 
bsence 
large 
71 pM 
entage 


xide. 


May 1961 


oxidation of cytochrome c, from 71 to 53 to 30%. The form of 
the curves suggests a constant rate of decomposition of ATP 
after the three successive additions, as indicated by the roughly 
constant half-times of the cycles. Thus, the probable explana- 
tion for the decreased extent of cytochrome reduction is not that 
ATP is being broken down more rapidly by the mitochondria 
but that phosphate and ADP have accumulated from the break- 
down of the prior addition of ATP, suggesting that the mecha- 
nism is reversible. This topic is considered in detail in Papers 
IV and VI (2, 15). 

Comparison of ATP-Linked Reduction of Pyridine Nucleotide 
in Aerobiosts and Anaerobiosis—It should be apparent from the 
foregoing that the energy-linked reduction of pyridine nucleo- 
tide discussed in Paper I (1) is just a special case of the general 
reversal of electron transfer in systems in which pyridine nucleo- 
tide serves as the electron acceptor. It should, therefore, be 
possible to demonstrate the ATP requirement for succinate- 
linked pyridine nucleotide reduction in aerobic mitochondria (16), 
provided the mitochondria are adequately depleted of high 
energy intermediates under aerobic conditions. This is difficult 
to accomplish since the aerobic state is usually characterized by 
a reserve of high energy intermediates obtained from the oxida- 
tion of endogenous substrate. The situation is further compli- 
cated in aerobiosis by the ATP-generating properties of the 
succinate-treated system itself. Pigeon heart mitochondria pre- 
pared by the method of Hagihara (17)’ circumvent these handi- 
caps and provide an excellent material for demonstrating the 
effect of ATP in aerobiosis. They show a variety of responses: 
(a) some contain sufficient endogenous substrate that addition of 
succinate causes rapid pyridine nucleotide reduction; (6) when 
aged 24 hours under aerobic conditions (17) they are depleted of 
endogenous substrate and show no immediate reduction of pyri- 
dine nucleotide on addition of succinate; (c) other fresh prepara- 
tions are sufficiently free of endogenous substrate that addition 
of succinate causes no measurable pyridine nucleotide reduction 
(under these conditions ATP can be added immediately and 
produces a large and relatively rapid pyridine nucleotide reduc- 
tion); and (d) occasional preparations are sufficiently uncoupled 
that low concentrations of ATP have very little effect. Prepara- 
tions in categories (a) and (c) have been observed to retain 
measurable responses of cytochrome c after 6 days storage at 0°. 

Experiments with a preparation typical of category c are 
illustrated in Fig. 10, in which the records are plotted on a com- 
pressed time scale to include the whole course of the kinetics of 
pyridine nucleotide. Addition of succinate to an aerobic pigeon 
heart mitochondrial preparation elicits no measurable response, 
but addition of 41 um ATP (Fig. 10, left) causes an immediate 
downward deflection of the fluorescence trace, corresponding to 
pyridine nucleotide reduction at a rate of 0.3 um DPNH per 
second; this reaction proceeds for 2 minutes. In a separate 
experiment (Fig. 10, right), the aerobic preparation is treated 
with 360 um sodium sulfide and 4 mM succinate, the total effect 
of both additions being <5% of the total effect in Fig. 10, left. 
Addition of 41 um ATP now causes an abrupt reduction of pyri- 
dine nucleotide at a rate of 1.6 um DPNH per second; the extent 
of the reaction is only 63% of that in the aerobic preparation. 
The reduction in this case is not completely stable, and there is 
a slow exponential rise to a more highly oxidized state. This 

’B. Hagihara, in preparation; B. Chance and B. Hagihara, 


Proceedings of the International Congress of Biochemistry, Mos- 
cow, In preparation. 
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Fic. 9. Response of cytochrome c¢ to repeated additions of 
ATP to sodium sulfide-inhibited pigeon heart mitochondria in the 
absence of added succinate. 1.5 mg of protein per ml (Experiment 
203a). 
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Fic. 10. Kinetics and extent of pyridine nucleotide reduction 
upon addition of ATP to succinate-treated pigeon heart mitochon- 
dria under aerobic conditions (left) and terminally inhibited con- 
ditions. 1.4 mg of protein per ml (Experiment 189a). 


reaction is incomplete, ~30° % of the pyridine nucleotide remain- 
ing reduced, apparently after exhaustion of the added ATP. 

In addition to the differences in extent of the reaction and 
stability of the product, the initial rate under aerobic conditions is 
one-fifth that under anaerobic conditions. We attribute this 
to the fact that, anaerobically, all reducing equivalents from 
succinate can be channeled into pyridine nucleotide reduction, 
whereas aerobically some are channeled to oxygen. The sig- 
nificance of this rate difference is discussed in Paper IV (2). 


DISCUSSION 


General Properties of ATP Effect 


The experimental results indicate the generality of the partici- 
pation of ATP and high energy intermediates derived from it in 
controlling electron transfer reactions in the respiratory chain. 
This effect was first observed in terms of the unexpected sensi- 
tivity of succinate-linked pyridine nucleotide reduction to high 
energy intermediates contained in the mitochondria (1), partic- 
ularly under anaerobic conditions. It was previously concluded 
that the oxidation-reduction levels of the respiratory carriers are 
under control of the ADP and phosphate concentrations under 
aerobic conditions (18). It is now reasonable to conclude that 


they are also under the control of the ATP concentration under 
anaerobic conditions, provided reaction products and uncouplers 
do not interfere, and under aerobic conditions, provided the 
concentration of internal high energy intermediates is low. 
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The experimental conditions under which the effects of an 
ATP-electron transfer reaction are observed indicate the flaws 
in previous approaches to this study. First, it would be im- 
possible to demonstrate the response of succinate-treated aerobic 
mitochondria to ATP if the concentration of internally generated 
high energy intermediates was already as high as that caused by 
added ATP. Second, uncoupling agents added to exhaust such 
high energy intermediates would by their very nature hydrolyze 
those produced by ATP (19). Such an experimental approach, 
which fails to demonstrate an ATP requirement for succinate- 
linked pyridine nucleotide reduction, is being used by other 
workers studying the ATP activation of succinate oxidation (20- 
23). It is self-evident that the use of a preparation having a 
low concentration of endogenous substrate and hence of high 
energy intermediates gives a simpler system than one based on a 
deliberate pretreatment of rat liver mitochondria with a variety 
of reagents to accomplish the same end (24). The anaerobic effect 
of ATP is, by its very nature, initiated from a low energy state; 
the inhibition of oxidation by anaerobiosis or terminal respiratory 
inhibitors in the absence of ATP and/or substrate halts forma- 
tion of high energy intermediates, and apparently leads to the 
spontaneous hydrolysis of such intermediates as evidenced by the 
oxidation of reduced pyridine nucleotide in liver mitochondria 
(see Fig. 2C). Attainment of a low energy state by this method 
requires neither (a) depletion of endogenous substrate nor (6) de- 
pletion of high energy intermediates by pretreatment with un- 
coupling agents, a change of metabolic state, or aging of the 
mitochondria. The anaerobic effect of ATP is much easier to 
demonstrate than the aerobic effect and is much more useful in 
studying energy-linked activation of electron transfer in mito- 
chondria. In fact, this approach is strongly recommended for 
studying the kinetics of the ATP-electron transfer pathway, for 
which preliminary values are summarized in Paper V (11). It 
will also be particularly applicable to evaluating the activity of 
reconstituted systems for oxidative phosphorylation and as a 
more direct measure of energy transfer reactions than is the 
ATP-P® exchange reaction. It is also superior to evaluations 
based on ATPase activity which may or may not proceed along 
the pathway leading to carrier oxidation and reduction. 

Two primary features of the ATP-electron transfer reaction 
are its speed and its extent. The rapidity with which reduced 
cytochrome can be oxidized in the reversal of oxidative phos- 
phorylation in anaerobic mitochondria treated witha highly active 
substrate such as succinate is remarkable, as is the extent of 
oxidation of cytochrome c obtainable in the absence of added 
substrate (>80%). The extent of oxidation obtainable with 
ATP may be limited stoichiometrically, with nearly all the oxi- 
dizing equivalents being expended. 

These observations lead one to question experiments in which 
. the conversion of ADP to ATP under aerobic conditions has been 
found insensitive to the ATP concentration (25). There are, 
however, three basic differences between the two experiments. 
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The first and most obvious is the concentration of oxygen as 


reflected in the high concentration of cytochrome a3; this ob- | 
viously has a profound effect on the steady state levels of the — 


respiratory carriers. Second is the high concentration of phos- 
phate. The fact that oxidative phosphorylation is measured in 


a high concentration of phosphate and an appreciable concen. | 


tration of ADP would lead to substantial inhibition of the re. 
verse reaction. Nevertheless, Klingenberg and Schollmeyer (7) 
have reported an inhibition of electron transfer on adding ATP 
to skeletal muscle mitochondria. Third, added magnesium in- 
hibits the reverse reaction. 

Physiological Role—It is dificult at present to assess the 
physiological significance of anaerobic carrier oxidation by high 
energy intermediates. It is apparent, however, that this is a 
model for a long proposed mechanism of active transfer (26) and 
surely affords experimental support for subsequent speculations 
on this point (27, 28), particularly on the possible role of pyri- 
dine nucleotide (29). Whether or not the conditions for a reverse 
electron transfer of this type could actually be realized in the 
cell is not known. We have indicated that phosphate and ADP 
inhibit such a reverse process (18), as do oxygen and added 
magnesium. Thus, to realize the hypothetical ATP-electron 
transfer conversion under physiological conditions, we speculate 
on the existence of a sequence of both electron and energy trans- 
fer components (1, 11) (Fig. 11). For such a system to operate 
at low ATP:ADP.-P; values, external oxidants and reductants 
should be absent and the concentrations of ADP and P; should 
be kept low. If the electron transfer components consisted of 
the branch of the respiratory chain involved in succinate-linked 


pyridine nucleotide reduction (see Fig. 11), then external oxi- | 


dants and reductants would have no effect. An adjacent system 
of oxidative phosphorylation serves two important functions: 
(a) to supply ATP and (6) to maintain ADP and P; at low levels. 
We do not understand how the isolated mitochondria could 
combine the functions represented in Fig. 11, unless we have by 


some artifact of preparation connected this side pathway into — 


the main chain of electron transfer. We have at least enumer- 
ated some requirements for the functions of ATP-activated elec- 
tron transfer in active transport. 

In plant tissues and microorganisms, the ATP-activated re- 
versal of electron transfer may be more closely related to pho- 
tosynthesis than has been realized. Many responses of the 
cytochromes of photosynthetic organisms are similar to the phe- 
nomena observed in the ATP-electron transfer reaction; in fact, 
light-induced oxidation of cytochrome and reduction of pyridine 
nucleotide is a characteristic of some organisms (30). A mech- 
anism for direct interaction having some experimental support 
is that cytochrome oxidation in Chromatium is caused by a direct 
cytochrome-chlorophyll electron transfer (31). 
titude of cytochromes are oxidized upon illumination (32), some 
possibly in indirect reactions of the energy-linked type, particu- 
larly in anaerobic cells (33). 


transfer compounds | PY | 


| mergy transfer components | ATP + X + <— ADP + Pi + XAT 


substrate Oxidative phosphoryletion 
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Fic. 11. Diagram of the hypothetical participation of a portion of the respiratory chain in active transport (MD-103) 
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An energy-linked reduction of mitochondrial pyridine nucleo- 
tide under anaerobic conditions presents new and interesting 
possibilities for the reduction of mitochondrial pyridine nucleo- 
tide by ATP supplied by glycolysis. In this case, glycolysis 
would have to reduce the concentrations of ADP and perhaps 
phosphate to levels that would permit the ATP-linked reaction 
to occur—a rather unlikely possibility. Nevertheless, such a 
reaction would neatly avoid the difficulties introduced by the 
impermeability of mitochondria to cytoplasmic pyridine nucleo- 
tide, since the mitochondria studied here are permeable to added 
ATP, and by the reverse reaction would be able to provide 
adequate reduced pyridine nucleotide for some types of reductive 
synthesis. Under anaerobic conditions, ATP could effectively 
be utilized for reduction of pyridine nucleotide by succinate 
with the formation of reduced pyridine nucleotide and fumarate. 


Cyclic Response of Cytochromes to ATP 


The experiments reported here show a cyclic response of 
cytochromes c,a, and (a + a3) and flavoprotein. The response of 
pyridine nucleotide may also be cyclic, but on a slower time 
scale, whereas that of cytochrome 6 is usually monotonic. The 
conditions under which a cyclic response to repeated additions 
of ATP can be obtained are indicated in Equation 1 which 


represents the interaction of the components of a single couple: 
ATP + reduced flavoprotein + DPN — ADP + Pi + a) 
flavoprotein + DPNH + Ht 


If no external oxidizing and reducing substances were present, a 
single addition of ATP would lead to stable oxidation of flavo- 
protein and reduction of pyridine nucleotide. If a separate 
pathway for the decomposition of added ATP were present: 


H 


ATP —~— ADP + P; (2) 


the products on the right side of Equation 1 would interact to 
cause a cyclic response. This is probably the case under the 
experimental conditions used here, whereby ATP can be ex- 
pended not only in carrier oxidation and reduction but also in 
reactions involving hydrolysis of high energy intermediates. If 
so, the system would exhibit cyclic responses to successive addi- 
tions of ATP until thermodynamic conditions were unfavorable 
because of accumulated ADP and Pi. 

In order to explain the lack of cyclic responses of pyridine 
nucleotide, we must consider added and /or endogenous substrate. 
Before addition of ATP, the oxidation-reduction conditions are 
established by the reaction of succinate with flavoprotein: 


Succinate + flavoprotein — fumarate + reduced flavoprotein (3) 
The over-all reaction is then: 
ATP + DPN + succinate — 

ADP + Pi + DPNH + H* + fumarate 


(4) 


The system will then accumulate reduced pyridine nucleotide 
and no longer respond cyclically when its oxidized form has been 
exhausted. The kinetics of pyridine nucleotide represented in 
the figures of this paper suggest that this is a very appropriate 
mechanism. This is also true for the kinetics of cytochrome 
provided: (a) electron transfer to the level of pyridine nucleo- 
tide is coupled to oxidation of cytochrome and (6) cytochrome b 
is one of the reduction products of the cycles of cytochrome 
oxidation. 
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The continued response of cytochrome oxidation in the pres- 
ence of inhibitors of the antimycin A-sensitive site and in the 
absence of any measurable response of pyridine nucleotide, 
flavoprotein, or cytochrome 6b requires elaboration from two 
standpoints: (a) the nature of the electron acceptor in the oxida- 
tion-reduction reaction and (6b) the cause of the reduction of 
cytochrome c after its oxidation—a process which leads to the 
cyclic response. 

Two explanations of the first are: (a) inhibition of -the anti- 
mycin-sensitive site may be incomplete and there may be a slow 
transfer of electrons through this site to an electron acceptor such 
as ubiquinone (the observed slow rate of electron transfer is con- 
sistent with this concept) and (6) an electron acceptor on the 
oxygen side of the antimycin-sensitive point is involved. Cyto- 
chrome ¢; is the only such component and too little is present to 
accept electrons from both cytochromes a and c. Thus, the first 
alternative of slow electron transfer through the antimycin-sensi- 
tive point is favored. 

In connection with the first explanation, the following data 
are to be considered. In experiments similar to that of Fig. 8B 
but using HQO, cytochrome c¢ responded cyclically to 5 additions 
of 144 um ATP, the observed effects being the result of an incom- 
plete inhibition of electron transfer. Actually the observed rates 
are only 0.06% of those in state 3, corresponding to 99% inhibi- 
tion of the state 3 rate. The continued cyclic response would 
be expected from a couple lacking access to an external store 
of reducing and oxidizing equivalents which could “unbal- 
ance’ the system and cause one component to be completely 
reduced. Under these conditions the cyclic response would 
be attributable to ATPase activity as explained above. Al- 
though it is possible that the splitting of water by oxidized 
cytochrome a; could occur in the cyclic responses of the cyto- 
chromes, we do not here present definitive data that cytochrome 
a3 is oxidized. Furthermore, a complementary reaction to oxi- 
dize the reduced form of the electron acceptor must occur simul- 
taneously. Consequently, the simplest hypothesis is that a set 
of carriers reacts reversibly in an oxidation-reduction reaction 
whenever ATP is added or whenever added ATP is depleted. 
This set could involve a slow cytochrome-quinone interaction in 
the presence of HQO. 

Crossover Point—The consistent pattern of oxidation and re- 
duction reactions between flavoprotein and pyridine nucleotide 
suggests a crossover point (34) between these two components 
(see Table I), ATP interacting between these two components. 
In the presence of an inhibitor of the antimycin-sensitive point, 
a repetitive response of cytochromes c and a was observed in the 
absence of a response of pyridine nucleotide. Thus, another site 
of interaction of ATP is located on the substrate side of cyto- 
chrome c. 

The response of cytochrome 6 is in the direction of reduction, 
and a crossover point between it and cytochrome c is identified 
(see Table I). Whether the couple is b-c;, or ci-c is not known 
vet. | 


SUMMARY 


A generality in the response of the respiratory carriers to 
addition of adenosine 5’-triphosphate has been demonstrated by 
the specific oxidation and reduction of six carriers of the respira- 
tory chain. Cytochromes c and a and flavoprotein are rapidly 
oxidized, pyridine nucleotide is rapidly reduced, and cytochrome 
b is slowly reduced. An energy-linked reduction of pyridine 
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nucleotide observed under aerobic conditions, in which only one 
component of the chain can be identified as involved in the en- 
ergy-requiring reaction, is a special instance of this general 
response. Although it is probable that energy for the anaerobic 
reaction enters the respiratory chain at all sites involved in the 
oxidative phosphorylation, clear evidence for the entry of adeno- 
sine 5’-triphosphate at a site in the region of flavoprotein and 
pyridine nucleotide is put forward. The relevance of this reac- 
tion to active transport, photosynthesis, and anaerobic glycolysis 
is briefly outlined. 
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Note Added in Proof—ATP-activated oxidations of cyto- 
chromes ¢ and a and flavoprotein have been confirmed by 
Klingenberg and Schollmever (Biochem. and Biophys. Research 
Communs., 4, 323 (1961)) and the inhibitory effects of uncouplers, 
phosphate, ADP, and Amytal on this reaction have also been 
demonstrated by them. However, since their experiments em- 
ployed rat liver mitochondria which contain high concentrations 
of endogenous substrate, DPN was largely reduced on adding 
eyanide. Therefore, DPN required as an electron acceptor in 
reversed electron transfer was provided by the malic or glutamic 
dehydrogenase. Consequently, there are differences between the 
responses of DPN (and of cytochrome 6 as well) reported by 
Klingenberg and Schollmeyer and those shown in this paper. In 
other respects their data strongly support and considerably ex- 
tend those presented here. 
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Previous papers discuss the general phenomenon of succinate- 
induced pyridine nucleotide reduction in mitochondria (1-4) and 
demonstrate the energy requirement for this reaction by direct 
(5) and indirect (3) experimentation. The participation of 
succinate in energy-linked reduction of pyridine nucleotide has 
been examined by direct addition of succinate and by intra- 
mitochondrial formation of succinate from added a-ketoglutarate 
or glutamate. Specific inhibitory responses of pyridine nucleo- 
tide reduction to malonate, phosphate, and fumarate identify 
succinate as the electron donor for energy-linked reduction in 
heart and kidney mitochondria. Other plausible explanations 
are also examined in some detail. 


EXPERIMENTAL PROCEDURE 


The mitochondrial preparations, reaction media, and physical 
techniques used are described in Paper I (4). 


RESULTS 


General Properties of Succinate as Reductant of Pyridine Nu- 
cleotide in Guinea Pig Kidney Mitochondria : Succinate A ffinity— 
That glutamate itself does not cause the reduction of pyridine 
nucleotide observed in the presence of succinate is illustrated by 
Fig. 1 (left). Successive additions of 120 um succinate to gluta- 
mate-treated guinea pig kidney mitochondria in state 4 cause 
approximately equal increases in pyridine nucleotide reduction. 
As the end point of the titration is approached, larger concentra- 
tions of succinate have no further effect when a total of ~0.4 mm 
succinate has been added. If these results are taken to represent 
a titration curve (Fig. 1, right, solid trace), then 0.2 mM succinate 
is required for half-maximal reduction of pyridine nucleotide, a 
high affinity compared with that for maximal succinic oxidase 
activity in state 3 (K, = 7.4 * 10-4 M) and that measured from 
the initial rate of fumarate production at 28° (K,, = 5.3 * 10-4 
m) (6). However, the mitochondria in the experiment of Fig. 1 
are in state 4, not state 3, so it is reasonable that less succinate 
would be required for a given reduction of succinic dehydro- 
genase. 

Effect of Fumarate—Early in these studies we found that addi- 
tion of fumarate to glutamate-treated mitochondria caused little 


* This research has been supported in part by grants from the 
National Science Foundation and the United States Public Health 
Service. 
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of Lund, Lund, Sweden. 


increase in the reduction of pyridine nucleotide, despite the con- 
sequent formation of malate. This phenomenon makes it 
possible to examine the effect of the concentration of fumarate 
on that of succinate required for half-maximal DPN reduction. 
The graph of Fig. 1 (right, dashed trace) shows no change in the 
extent of DPN reduction obtained with excess succinate and only 
a small increase in the concentration required for half-maximal 
reduction (250 um in the presence of fumarate versus 190 uM in 
its absence). The ratio of fumarate to succinate at the beginning 
of the titration is 250:1, sufficient to diminish considerably the 
extent of reduction of succinic dehydrogenase and thus increase 
the succinate concentration required for DPN reduction. The 
conversion of fumarate to malate and consequent reaction with 
malic dehydrogenase does not appear to be significant. 

Effect of Malonate on Glutamate- and ATP-treated Mitochondria 
—If the glutamate-treated mitochondria are titrated with 2 mm 
succinate, low concentrations of malonate will then reverse the 
reduction of pyridine nucleotide and cause oxidation to its initial 
level in the presence of glutamate. For the experimental condi- 
tions used, 50% inhibition of the reduction is obtained with 
10-3 Mm malonate (Fig. 2). A spectrum representing the difference 
between two samples of guinea pig kidney mitochondria, both 
treated with succinate and glutamate and one treated with 
malonate, shows that reduced pyridine nucleotide absorbing at 
340 my has been oxidized by treatment with malonate. 

Fig. 3 illustrates the response of ATP-treated pigeon heart 
mitochondria to malonate. Addition of 6 mM succinate has no 
effect, but addition of 100 um ATP elicits a large reduction of 
pyridine nucleotide which reaches completion in ~2 minutes. 
Addition of 3.4 mm malonate is followed by complete reoxidation 
of the pyridine nucleotide reduced upon ATP addition. The 
immediate effect of malonate in reversing pyridine nucleotide 
reduction suggests that succinate and not an accumulated oxida- 
tion product is responsible for the original reduction. 

Pyridine Nucleotide Reduction in Sulfide-treated Mitochon- 
dria—The systems in the above experiments have been ‘‘open”’ 
to oxygen in that further oxidation of succinate, in addition to 
that required to reduce pyridine nucleotide, could occur, as in 
the formation of malate. For comparison, we have, therefore, 
examined succinate-linked pyridine nucleotide reduction in 
pigeon heart mitochondria in the presence of a terminal respira- 
tory inhibitor (360 um sodium sulfide) (Fig. 4). These mito- 
chondria contain a sufficiently low concentration of endogenous 
substrate that addition of the inhibitor causes only a slow re- 
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Fic. 1. Left, titration of glutamate-treated (1 mM) guinea pig kidney mitochondria with successive additions of succinate. Sucrose- 
phosphate-magnesium medium; pH 7.2; 1.0 mg of protein per ml; temperature, 25° (Experiment 715c). Right, graph of this experi- 


ment (——) and an experiment in the presence of 30 mm fumarate (- --) (Experiments 715c, 681la-2). 
-03- Cytochrome-c Oxidation? 
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Fic. 2. Oxidation of succinate-linked mitochondrial pyridine 
nucleotide by malonate. 2 mM succinate; other conditions as 
Fig. 1, left (Experiment 664a). 
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Fic. 3. Effect of malonate on ATP-activated succinate-linked 
pyridine nucleotide reduction in pigeon heart mitochondria. 
Mannitol-sucrose-Tris medium; pH 7.4; 4.3 um DPNH; tempera- 
ture, 26°; optical path length, 5 mm (Experiment 142a). 


duction of cytochrome c and no measurable reduction of pyridine 
nucleotide (7). Addition of 530 um ATP is followed by oxidation 
of cytochrome c (1.9 um) and reduction of pyridine nucleotide 
(4.0 um).! The levels of oxidation of cytochrome c and reduction 
of pyridine nucleotide are now steady, and addition of 4 mM suc- 
cinate immediately initiates a prolonged reduction of both com- 
ponents. The relative rates indicate that most of the electrons 


1 If one takes into account the simultaneous oxidation of other 
carriers of the respiratory chain, then the amount of pyridine nu- 
cleotide reduction approximates the amount of cytochrome oxi- 
dation in 2-electron units. 


Fic. 4. Energy-linked pyridine nucleotide reduction in ter- 
minally inhibited mitochondria. Aerobic pigeon heart mito- 
chondria (no substrate added) were pretreated with 360 um sodium 
sulfide and then with 530 um ATP and 4 mM succinate. Pyridine 
nucleotide reduction was recorded fluorometrically with 365 mp 
excitation and 450 mu measurement; cytochrome oxidation was 
measured spectrophotometrically at 550 to 540 mu. Mannitol- 
sucrose-Tris medium; pH 7.4; 1.1 mg of protein per ml; tempera- 
ture, 26°; optical path length, 1 em (Experiment 185b-3). 


from succinate are directly transferred to pyridine nucleotide, 
only a portion of the transfer reaching the level of cytochrome 
c. The portion of pyridine nucleotide that is directly reduced on 
addition of ATP is determined by the amount of reducing equiv- 
alents that are donated by oxidized substances such as the cyto- 
chromes; approximate stoichiometries are discussed in Paper VI 
((8), see Table III).!. This indicates that pyridine nucleotide can 
accept electrons from the cytochromes.?. The portion of pyridine 


nucleotide that is reduced on addition of succinate is reduced — 


under conditions where succinate itself is probably the direct 
electron donor, not an oxidation product of succinate. In brief, 
the experiment of Fig. 3 shows that electrons may be donated by 
either the cytochromes or succinate to reduced pyridine nucleo- 
tide in an energy-linked reaction. Hypothetical intermediates 


such as succinyl-CoA are therefore not essential to the reaction. | 


Role of Pyridine Nucleotide-linked Substrates: Glutamate—lIt 
has routinely been observed in studies of guinea pig kidney 


? This reaction occurs in preparations that are likely to be free 
of substrate: (a) pigeon heart mitochondria aged aerobically for 
6 days at 0°, or (b) well-washed ‘‘digitonin”’ particles from pigeon 
heart mitochondria (prepared by Dr. U. Fugmann). 
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mitochondria that pretreatment with glutamate’® greatly ac- 
celerates the reduction of pyridine nucleotide upon addition of 
succinate. It must, therefore, be determined whether glutamate 
itself has pyridine nucleotide-reducing properties adequate to 
explain the rate of reduction observed in the presence of succinate. 
Addition of 0.6 mm cyanide to glutamate-treated aged mito- 
chondria (Fig. 5B) produces pyridine nucleotide reduction at a 
rate of 0.01 um DPNH per second. In Fig. 5A, 6 mM succinate 
is added to glutamate-treated mitochondria and the maximal 
rate of pyridine nucleotide reduction is 0.03 um DPNH per sec- 
ond. It thus seems unlikely that endogenous substrate or glu- 
tamate itself participates in the succinate-induced reduction of 
pyridine nucleotide in these mitochondria. 

To distinguish between the relative contributions of malate, 
glutamate, and succinate to the reduction of pyridine nucleotide, 
we observed the sequence of reactions elicited by serial additions 
of these substrates to guinea pig kidney mitochondria in a phos- 
phate-containing medium (Fig. 6). Addition of 6 mm malate 
causes only a small reduction, 6 mm glutamate a rapid and fairly 
largeone. Addition of 100 um ADP then initiates a cycle of pyr- 
idine nucleotide oxidation and reduction, the duration of which 
indicates ADP phosphorylation at 4.5 um per second. After 
the exhaustion of ADP, addition of 6 mm succinate doubles the 
reduction of pyridine nucleotide obtained with the other sub- 
strates. A second addition of 100 um ADP causes another cycle 
of oxidation and reduction, the rate of ADP utilization being 7 
uM per second. Treatment with 6 mm malonate reoxidizes the 
pyridine nucleotide reduced by succinate, but scarcely affects 
that reduced by malate and does not appreciably decrease respira- 
tion, which continues to be 80% of that before addition of suc- 
cinate and malonate (5.6 um ADP per second). 

Fluorometric studies of the same sequence of reactions give 
essentially the same result with both guinea pig kidney and pigeon 
heart mitochondria. In the latter material, malate causes a 
small but distinctive reduction of pyridine nucleotide which is 
increased considerably on addition of glutamate. Addition of 
succinate elicits a substantial increase in the reduction of pyridine 
nucleotide which proves completely malonate-sensitive. 

Thus, experiments made with both fluorometric and spectro- 
photometric techniques support the conclusion that increments 
in the reduction of pyridine nucleotide caused by succinate are 
wholly sensitive to malonate whereas those caused by glutamate 
plus malate may or may not be sensitive to the inhibitor; if they 
are not, they are less than half those caused by succinate in 
state 4. If they are, the portion of pyridine nucleotide reducible 
by glutamate plus malate is also reducible by succinate. 

Effect of Phosphate—The fluorometric experiment of Fig. 7 
shows that the reduction of pyridine nucleotide obtained in 
malate- and glutamate-treated mitochondria in the absence of 
phosphate (and magnesium) is relatively larger than that ob- 
tained in the presence of phosphate (Fig. 6). A large and rapid 
reduction of pyridine nucleotide is caused by addition of 6 mm 
glutamate to the malate-treated pigeon heart mitochondria. 
However, addition of phosphate produces an abrupt reoxidation 
of nearly 50% of the reduced component. Succinate, in turn, 
reverses the phosphate-induced oxidation of pyridine nucleotide 
to a considerable extent. Parallel spectrophotometric experi- 


* It should be noted that these considerations are not influenced 
by the actual pathway of glutamate oxidation which may be by a 
transaminase action or by a direct DPN-linked oxidation (cf. 
references 15 and 16). 
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Fic. 5. Comparison of the rates of (A) succinate-linked pyri- 
dine nucleotide reduction in glutamate-pretreated mitochondria 
and (B) glutamate reduction of pyridine nucleotide in cyanide- 
treated mitochondria. Initial rates are given in umoles per liter 
per second. Guinea pig kidney mitochondria aged ~10 hours at 
0° to deplete endogenous substrate; sucrose-magnesium-Tris 
medium; pH 7.2; 0.76 mg of protein per ml; temperature, 25°; 
optical path length, 1 em (Experiment 65c). 
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Fic. 6. Relative effects of malate plus glutamate compared with 
those of succinate and the malonate sensitivity of the resultant 
pyridine nucleotide reduction. Guinea pig kidney mitochondria; 
sucrose-phosphate-magnesium medium; pH 7.2; 2 mg of protein 
per ml; temperature, 26°; optical path length, 5 mm (Experiment 
150b-1). 
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Fluorescence Recording 
450 mp 


Fic. 7. Phosphate sensitivity of pyridine nucleotide reduced 
by malate plus glutamate. Pigeon heart mitochondria; mannitol- 
sucrose-Tris medium; pH 7.4; 1.9 mg of protein per ml; tempera- 
ture, 26° (Experiment 158-2). 


ments in which absorbancy changes are measured at 340 to 374 
my give similar results and verify the phosphate-induced oxida- 
tion of malate- and glutamate-reduced pyridine nucleotide. 

As indicated in Fig. 7, phosphate has only a small effect upon 
the pyridine nucleotide reduction in the presence of succinate. 
However, in aged pigeon heart preparations there is a consider- 
able increase in reduction of ubiquinone after phosphate addition 
(9) in agreement with the observations of Hatefi e¢ al. (10) on 
beef heart mitochondria. This increase in reduction is accom- 
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Fic. 8. Titration of pyridine nucleotide reduction by successive 
additions of a-ketoglutarate (a Kg) and the sensitivity of this 
reduction to 3.6 mM malonate. Pigeon heart mitochondria; 
mannitol-sucrose-Tris medium; pH 7.4; 3 mg of protein per ml; 
temperature, 26° (Experiment 149b-2). 


I8uM Kg 3.6mM sie 
PRM, DPNH 
Gee) 


7—Fliuorometric Trace 
3652~450myp 


Fic. 9. Effect of phosphate on pyridine nucleotide reduction 
by a-ketoglutarate (a Kg). Pigeoh heart mitochondria; mannitol- 
sucrose-Tris medium; pH 7.4; 3 mg of protein per ml; temperature, 
26° (experiment 149b-4). 


panied by an increase in reduction of flavoprotein and a decrease 
in the reduction of DPNH. 

a-Ketoglutarate—The observed sensitivity to phosphate and 
malonate of pyridine nucleotide reduced in the presence of 
glutamate and malate may be caused by the consecutive forma- 
tion of a-ketoglutarate and succinate. To determine whether 
this is so, we have further investigated the reaction of a-keto- 
glutarate (11-14) with the respiratory chain. Previous work 
demonstrated the chain’s high affinity for a-ketoglutarate but it 
was difficult to observe the reduction of pyridine nucleotide 
concurrently with that of cytochrome b because of absorption of 
the a-ketoglutarate solution at 340 mu (11). The fluorometric 
method avoids this difficulty since the absorption of a-keto- 
glutarate has a negligible effect on the excitation of pyridine 
nucleotide fluorescence at 365 my. The experiment of Fig. 8 
demonstrates that very low concentration of a-ketoglutarate 
causes considerable reduction of pyridine nucleotide. After 
successive treatments with a-ketoglutarate, however, the reac- 
tion is highly sensitive to malonate, which diminishes the reduc- 
tion achievable by subsequent additions of a-ketoglutarate to a 
few per cent of the uninhibited value. This experiment suggests 
that the highly efficient conversion of a-ketoglutarate to ATP 
plus succinate has led to the reduction of pyridine nucleotide, 
rather than by the lipoate-diaphorase portion of the a-keto- 
glutarate oxidase system (13, 14). The latter could cause the 
very small reduction observed in the presence of malonate. 

The reduction of pyridine nucleotide upon addition of a-keto- 
glutarate also resembles that obtained with glutamate and malate 
in its phosphate sensitivity. Fig. 9 demonstrates that the 
reduction of pyridine nucleotide upon addition of 18 um a-keto- 
glutarate is diminished by ~80°; after treatment of the mito- 
chondria with 3.6 mm phosphate. a-Ketoglutarate still elicits 


a small cycle of oxidation and reduction; however, the decrease 
in half-time is caused by phosphate stimulation of the rate of 


oxidation. 
From the foregoing, itis apparent that glutamate plus malate 
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or a-ketoglutarate eventually produces succinate and ATP 
which, in turn, lead to the extensive reduction of pyridine nucleo- 
tide observed under these conditions. It is, therefore, not 
unexpected that a portion of the pyridine nucleotide reduced by 
glutamate plus malate or by a-ketoglutarate should show the 
characteristics of succinate-linked pyridine nucleotide reduction, 


Other Aspects 


Effect of Fumarate at Low [ATP|—In the presence of succinate 
and glutamate, fumarate caused only a small inhibition of the 
reduction of pyridine nucleotide. A greater effect would be 
expected if the available energy were limiting. Such an effect is 
small in the presence of low and known concentrations of added 
ATP. Fig. 10 represents an experiment in which pyridine 
nucleotide reduction is obtained by addition of succinate and 
100 wm ATP. The addition of 2.2 mm fumarate produces a 
small, rapid, cyclic oxidation of pyridine nucleotide; in less than 
a minute the oxidation has nearly subsided. The addition of 
higher concentrations of fumarate gives a steady oxidation of 
pyridine nucleotide and about half that reduced by ATP addi- 
tion can be oxidized in this way. By measuring the amount of 
pyridine nucleotide oxidized upon the initial addition of varying 
concentrations of fumarate, we computed that a ratio of fuma- 
rate to succinate of 1.4:1 gives half-maximal effect. A similar 
oxidation of pyridine nucleotide was observed if pyridine nucleo- 
tide reduction was caused by glutamate. 

The nature of the cyclic response of pyridine nucleotide to 
addition of a low concentration of fumarate is not understood, but 
it is possible that fumarate is rapidly expended by conversion to 
malate. 

ATP Activation of Endogenous Substrate—Since activation of 
endogenous substrate by ATP may cause the reduction of pyri- 
dine nucleotide in succinate-treated mitochondria, we tested the 
effect of the order of addition of succinate and ATP upon the 
rate and extent of the reduction. In a control experiment (Fig. 
11, left) succinate was added first and ATP second. In Fig. 11 
(right) the order of addition was reversed. The downward 
deflection of the fluorescence trace after addition of 78 um ATP 
corresponds to <10% of the total deflection. Thus, ATP alone 
does not cause the reduction. Addition of 4 mM succinate causes 
a rapid increase in reduction of pyridine nucleotide. In both 
experiments the reduction proceeds with no measurable induc- 
tion period and the initial rates are indistinguishable within the 
experimental error. The similarity of the reduction processes 
does not support the idea that ATP acts upon DPN reduction by 
removing an inhibitor of electron transfer through succinic de- 


hydrogenase. The following results support this conclusion. 
340-374myp 
+ 
log Io/I= 0.010 (Smm) 
3.4mM Succinate + 
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Fic. 10. Effect of fumarate on pyridine nucleotide reduction 
by succinate and ATP. Pigeon heart mitochondria; mannitol- 


sucrose-Tris medium; pH 7.4; 144m DPNH formed on adding ATP; 


temperature, 26° (Experiment 148). 
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Effect of Oxaloacetate—In examining the functions of glutamate 
and ATP in activating pyridine nucleotide reduction, two hy- 
potheses are considered: (a) that electron transfer from malate 
to pyridine nucleotide, blocked by accumulation of oxaloacetate, 
is activated by transaminase activity initiated by glutamate 
which expends oxaloacetate (15-17) and (6) that electron transfer 
from succinate to pyridine nucleotide is blocked by an internal 
accumulation of oxaloacetate which is removed by ATP (added 
or internally generated) to form phosphopyruvate (18). It 
would appear that pretreatment of the mitochondria with CSA‘ 
would remove oxaloacetate, with the formation of pyruvate, 
aspartate, and sulfate (18), thereby allowing electron transfer 
from succinate to occur without inhibition caused by oxaloacetate. 
CSA should be particularly suitable for such a demonstration 
because of the completeness of the reaction (18, 19). 

The two experiments of Fig. 12 are identical except that in 
one the mitochondrial preparation is pretreated with CSA (19, 
20). Neither shows a measurable reduction of pyridine nucleo- 
tide or flavoprotein upon addition of malate. After addition of 
glutamate, both components are reduced in the two experiments, 
the only difference being a short induction period in the CSA- 
treated preparation. These results are contrary to those ex- 
pected from accumulation of oxaloacetate, since pretreatment 
with CSA should permit reduction of pyridine nucleotide upon 
addition of malate alone. The small inhibition of the glutamate- 
activated reduction may be a result of some other activity of 
CSA such as uncoupling. In another experiment testing the 
second hypothesis (b), no measurable reduction of pyridine nu- 
cleotide is obtained with succinate despite pretreatment with 
CSA, but ATP initiates the usual reduction. These experiments, 
thus, do not support the hypothesis that oxaloacetate inhibits 
malate or succinic dehydrogenase activity sufficiently to inter- 
fere with the energy-linked reduction of pyridine nucleotide in 
pigeon heart mitochondria. 


DISCUSSION 


The basic requirements for energy-linked reduction of pyridine 
nucleotide are an electron source and an energy source. Here we 
consider the electron source. It is apparent from Fig. 4B that 
cytochromes may serve as electron donors, and from other data 
that succinate may serve as an electron donor. Most of the dis- 
cussion which follows is devoted to the conditions under which 
succinate may be directly or indirectly involved and to a com- 
parison of the effects obtainable when substrates directly linked 
to DPN are involved. 

Role of Succinate in Reduction of Mitochondrial Pyridine 
Nucleotide—The portion of mitochondrial pyridine nucleotide 
reduced by electron transfer from succinate is identified in these 
experiments as the malonate-sensitive portion of the total reduci- 
ble pyridine nucleotide in state 4 (for a definition of respiratory 
pyridine nucleotide see (4)). In the presence of a DPN-linked 
substrate, a portion of reduction in state 4 is malonate-insensitive 
and varies with the nature of the mitochondrial preparation; for 
example, in guinea pig kidney and rat heart, ~25° , and, in 
pigeon heart, 30 to 40% of the total pyridine nucleotide reduced 
is insensitive to malonate. Two general questions concern this 
portion of mitochondrial pyridine nucleotide. The first is 
whether it is energy-linked. Thermodynamically there is no 
reason for it to be with malate plus glutamate as substrate, and 


‘The abbreviation used is: CSA, cysteine sulfinic acid. 
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Fig. 11. Effect of the order of addition of succinate and ATP 
on the rate and extent of pyridine nucleotide reduction. Pigeon 
heart mitochondria; mannitol-sucrose-Tris medium; pH 7.4; 1.1 
uM cytochrome c; temperature, 26° (Experiment 133c). 
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Fic. 12. Effect of CSA on pyridine nucleotide and flavoprotein 
reduction in pigeon heart mitochondria. In the absence of CSA 
(top) 1 mM malate has no effect and addition of 4 mm glutamate is 
followed by immediate reduction of the two components. In the 
presence of 4 mm neutralized CSA (bottom), malate again has no 
effect and addition of glutamate is followed after only a short 
delay by a reduction comparable to that in the control experiment 
above. Mannitol-sucrose-Tris medium; pH 7.4; 1 mg of protein 
per ml; temperature, 26° (Experiment 169b-8,9). 


no data clearly suggest an energy requirement. Furthermore, 
the small reduction obtained with DPN-linked substrates in 
state 4 can be appreciably increased in anaerobiosis or terminally 
inhibited preparations (state 5). This is also not unexpected on 
thermodynamic grounds; the remarkable feature of the reduction 
with DPN-linked substrates in state 4 is its small extent com- 
pared with that obtained with succinate. (The latter is mal- 
onate-sensitive even in terminally inhibited preparations and 
exhibits an energy requirement.) 

Glutamate reduction of pyridine nucleotide shows some fea- 
tures of an energy-linked reaction; it is sensitive to malonate 
and somewhat sensitive to Amytal (21). These characteristics 
are to be expected if succinate and ATP are the actual reduc- 
tants. In addition, glutamate-induced reduction of pyridine nu- 
cleotide may increase considerably in anaerobiosis but a portion 
of this reduction can be caused by low concentrations of succi- 
nate, provided high energy intermediates are present (state 4- 
to-5 transition). 

The second question is whether pyridine nucleotide reduced 
by malate plus glutamate is the pool of pyridine nucleotide that 
reacts directly with the DPNH dehydrogenase of the respiratory 
chain or is located on a side pathway, perhaps because of a 
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transhydrogenase reaction. This question can be solved by 
further kinetic studies. 

Relation to Respiration—Another aspect of this question 
involves an estimate of the amount of pyridine nucleotide that 
need be reduced in order to initiate respiration. In ADP-pre- 
treated mitochondria (see Fig. 2 of Paper I (4)) respiration can 
be initiated by succinate without a measurable increment 
in pyridine nucleotide reduction. Thus, pyridine nucleotide 
reduction is not essential for succinate oxidation, provided the 
dehydrogenase has not been inhibited. Also rapid electron 
transfer to the cytochrome level can be obtained upon addition 
of high concentrations of a-ketoglutarate to mitochondria under 
conditions where no measurable pyridine nucleotide reduction 
can be observed fluorometrically.6 The small reduction of 
pyridine nucleotide required to initiate respiration in yeast cells 
has been reported previously (22). In particles extracted from 
rat liver mitochondria by digitonin treatment (23), fluorometric 
measurements show® that about 1 mole of pyridine nucleotide 
per mole of cytochrome is reduced upon activation of respiration 
of the particles by addition of @-hydroxybutyrate. The malo- 
nate-insensitive portion of total pyridine nucleotide in guinea pig 
kidney mitochondria corresponds to about 3 molecules of pyri- 
dine nucleotide per molecule of cytochrome c. If one of these 3 
molecules were readily reduced by the directly linked effect of 
substrate, the sensitivity of the fluorometric method would be 
sufficient to detect this reaction. 

Some Properties of a-Ketoglutarate-generated Succinate and 
ATP—There are significant differences between the reduction 
of pyridine nucleotide by internally generated succinate and that 
obtained by added succinate. This can be attributed to the 
equation: 


ATP + succinate + DPN* — es 
ADP + fumarate + DPNH + P; + H* 


At low concentrations of succinate and ATP, such as might 
be generated internally, the reaction would be sensitive to the 
reaction products, phosphate and fumarate. Both of these 
sensitivities have been demonstrated and support Equation 1. 

A remarkable aspect of internally generated succinate is its 
effectiveness in reducing pyridine nucleotide (24). For example, 
it is possible to titrate reduction of pyridine nucleotide with 
a-ketoglutarate; it is apparent that the A,, for internally gener- 
ated succinate is less than 10-5 M, compared with that for added 
succinate, 7 X 10-4, a 100-fold greater affinity. The internally 
generated succinate presumably is highly localized near succinic 
dehydrogenase and, in fact, may be enzyme-bound. In fact, this 
property should be carefully considered for other steps of the 
citric acid cycle as well. 

Phosphate Sensitiwity—In considering the phosphate sensitivity 
of pyridine nucleotide reduction by a-ketoglutarate, added phos- 
phate is needed for the succinyl-CoA-GDP reaction (25): 


Succinyl S-CoA + GDP + Pi - 
succinate + GTP + CoA-SH 


(2) 


However, the malonate-sensitive reduction of pyridine nucleotide 
observed in the presence of low concentrations of a-ketoglutarate 
indicates that the reaction of Equation 2 has proceeded to the 
right without added phosphate. Because of the subsequent 


5B. Chance, unpublished observations. 
* B. Chance and U. Fugmann, unpublished observations. 
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transfer between GDP and ATP and the utilization of ATP in 
Equation 1, there need be no net utilization of phosphate in the 
reactions of Equations 1 and 2, the over-all reaction being: 


Succinyl S-CoA + DPN*+ — 
fumarate + DPNH + CoA-SH + H* 


Thus, a small amount of endogenous phosphate would be ade- 
quate. 

Equation 3 suggests the over-all pathway for pyridine nucleo- 
tide reduction by succiny! CoA. This is not an ordinary de- 
hydrogenase activity but one that proceeds through Amytal- 
and antimycin A-sensitive steps that identify the participation 
of carriers of the respiratory chain. 

Relation to Compartmentation—It is apparent from the above 
discussion (see Equation 1) that internally generated succinate 
is responsible for reducing a portion of pyridine nucleotide ob- 
served in the presence of a-ketoglutarate or glutamate plus 
malate. Why should added succinate cause further reduction of 
pyridine nucleotide under these conditions? A completion of the 
reduction of pyridine nucleotide would be expected only in the 
absence of ADP, phosphate, and fumarate (Equation 1). Such 
conditions are approximated; for example, Fig. 7 shows that the 
extent of reduction of pyridine nucleotide with malate and gluta- 
mate in the absence of phosphate actually exceeds that which can 
be obtained in the presence of added succinate and phosphate. 
This is, however, an unusual situation associated with conditions 
in the mitochondria that lead to a large increase in reduction of 
endogenous ubiquinone (9, 10) and one presumably caused by a 
partial uncoupling of the mitochondria. Usually, in the pres- 
ence of succinate the ATP concentration (or X ~ 1) is so high 
that Equation 1 is driven to the right. In fact, more pyridine 
nucleotide can be reduced in aerobiosis in state 4 than in anaero- 
biosis. In summary, the degree of pyridine nucleotide reduction 
in the absence of added succinate but in the presence of glutamate 
plus malate is probably a steady state phenomenon, set by Equa- 
tion 1 which can be displaced to the right by added succinate. 

Changes in the extent of pyridine nucleotide reduction de- 
pendent upon the concentrations of succinate and ATP can 
scarcely be considered compartmentation phenomena and are 
not so considered in this paper. On the other hand, there are 
clear-cut malonate-sensitive and malonate-insensitive portions 
of pyridine nucelotide reduction, and the compartmentation 
which has been discussed in Paper I (4) and which is later de- 
fined as that dependent upon electron transfer between flavo- 
protein, and flavoprotein; (Figs. 9 to 11 of Paper IV (21)) will be 
referred to as compartmented pyridine nucleotide. 

ATP Activation of Succinate Oxidation—<A distinction must be 
made between ATP activation of succinate-linked pyridine 
nucleotide reduction and the recently reported ATP activation 
of dinitrophenol inhibition of succinate oxidation (26, 27). For 
the present, the latter can be satisfactorily explained in this way: 
ATP removes an inhibitory molecule (presumably oxaloacetate) 
from succinic dehydrogenase, thereby allowing respiration to be 
activated (28). On one hand, it is probable that the AT P-acti- 
vated reaction does not pass through the transfer intermediates 
of the respiratory chain (X and I), but reacts to form ITP, 
which in turn reacts in a kinase-catalyzed reaction, for example 
with oxaloacetate to form phosphopyruvate (18). It is unlikely 
that such a reaction is involved in the reduction of pyridine nucleo- 
tide inasmuch as added ITP does not cause pyridine nucleotide 
reduction and does inhibit energy transfer from ATP (24). On the 


ee 


t 
£ 
t 
e 
re 
i 
t 
st 
4 
t 
ti 
C 
pl 
| A 
it 
) in 
fo 
a 
pa 
tic 
| th 
in 
G 
tic 
hi 
su 
Ox 
CO 
en 
of 


ade- 


cleo- 
vtal- 
ition 


bove 
nate 
ob- 
plus 
on of 
f the 
1 the 
Such 
t the 
luta- 
1 can 
hate, 
tions 
yn of 
by a 
pres- 
high 
idine 
aero- 
ction 
mate 
qua- 
nate. 
1 de- 
can 
1 are 
e are 
tions 
ation 
r de- 
lavo- 
‘ill be 


ist. be 
idine 
ation 

For 
way: 
tate) 
to be 
-acti- 
liates 
ITP, 
imple 
likely 
icleo- 
otide 
mn the 


May 1961 


other hand, the pathway of energy transfer involved in succinate- 
linked pyridine nucleotide reduction is very sensitive to inhibitors 
of oxidative phosphorylation, both uncoupling agents and spe- 
cific inhibitors such as oligomycin. The fact that dinitrophenol- 
treated mitochondria are used in the procedure for demonstrating 
ATP activation of succinate-inhibited respiration raises questions 
of a direct relationship between succinate-linked pyridine 
nucleotide reduction and reactivation of succinic dehydrogenase 
activity (29). There may, however, be a coincidental relation- 
ship between these two effects observable in mitochondria pre- 
treated with sufficiently low concentrations of dinitrophenol that 
the succinate-linked pathway is not inhibited. Under these con- 
ditions, the energy-linked transfer involved in the activation of 
succinic dehydrogenase by removal of an inhibitor upon addi- 
tion of ATP indeed simulates that after addition of succinate 
plus ATP. But the attendant reduction of pyridine nucleotide 
is, in all probability, simply coincidental. Further support for 
this conclusion is provided by the fact that CSA activates neither 
glutamate- nor succinate-induced reduction of pyridine nucleo- 
tide (see Figs. 12 and 13). 

Also to be considered are mechanisms suggesting that the 
effect of ATP is to activate a group transfer reaction and not a 
reverse electron flow through the respiratory chain. This point 
is taken up later (21) from the standpoint of identifying electron 
transfer reactions in the chain, but is here considered from the 
standpoint of the available group transfer reactions and their 
potentiality in the reduction of pyridine nucleotide. To illustrate 
this, we may assume the existence of a special pyridine nucleo- 
tide-linked pathway for the oxidation of succinyl-CoA and that 
the function of ATP is to form GTP to participate in the reaction: 


CoA-SH + succinate + GTP — succinyl S-CoA + GDP + P; (4) 


The advantage of this particular transfer reaction over that 
proposed by Slater (30) is that it requires both succinate and 
ATP, in agreement with experimental data suggesting that ATP 
itself is ineffective in pyridine nucleotide reduction (see Fig. 
11). But there are several objections to this mechanism, includ- 
ing the argument that no pyridine nucleotide-linked pathway 
for oxidation of succinyl-CoA has been found. Another cogent 
argument is that used against oxaloacetate above, that the 
pathway for transfer of energy from ATP to the pyridine nucleo- 
tide reduction reaction is sensitive to uncoupling agents and to 
those agents that specifically interfere with transfer reactions 
involved in oxidative phosphorylation. Still another is that 
GTP itself is ineffective in the reduction of pyridine nucleotide. 
It is noteworthy that nucleotide impermeability is unlikely to be 
a factor in the ineffectiveness of GTP in causing pyridine nucleo- 
tide reduction; the mitochondria are permeable to ITP which in- 
hibits the energy transfer (see Paper V (24)). 

In summary, it appears that mechanisms for reversal of 
oxaloacetate inhibition or for formation of an activated form of 
succinate would have to utilize the ATP pathway involved in 
oxidative phosphorylation, passing through the intermediates X 
and I as well as through the respiratory carriers. Under these 
conditions, the appropriate hypothesis is the one we term the 
energy-linked reduction of pyridine nucleotide in the presence of 
succinate. 


SUMMARY 


1. A specific succinate requirement for energy-linked reduction 
of mitochondrial pyridine nucleotide is demonstrated in pigeon 
heart and guinea pig kidney mitochondria. 
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2. The succinate used in this reduction can be generated in 
the oxidation of malate plus glutamate or of a-ketoglutarate. 

3. The role of succinate is identified by the specific inhibitory 
responses of the reaction to malonate, phosphate, and fumarate. 

4. At least two kinds of mitochondrial pyridine nucleotide are 
shown to be reducible in state 4: (a) about one-third in the absence 
of added succinate in a malonate-insensitive reaction in the pres- 
ence of a substrate such as malate plus glutamate and (6) about 
two-thirds in the presence of added succinate in a malonate-sensi- 
tive, energy-linked reaction. ‘These two kinds of pyridine nu- 
cleotide may be considered to be compartmented. 
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Two types of reaction have been described in which a reversal 
of electron transfer may occur: (a) energy-linked reduction of 
pyridine nucleotide in the presence of a flavin-linked substrate 
(1) and (6) energy-linked oxidation of cytochrome and reduction 
of pyridine nucleotide (2). 

In the latter, the presence of both oxidized and reduced forms 
of the respiratory carriers suggests that the system may not re- 
quire additional reducing equivalents from an external sub- 
strate, provided an initial state is achieved in which some car- 
riers are reduced and some are oxidized. In this reaction, electron 
transfer from oxidized carriers to pyridine nucleotide may suf- 
fice. 

The first reaction, however, is usually observed only in the 
presence of oxidized carriers, and therefore electrons must be 
transferred into the respiratory chain from an external substrate 
to provide the necessary reducing equivalents for reduction_of 
pyridine nucleotide. This paper considers the pathway of 
electron transfer by which these reducing equivalents reach 
pyridine nucleotide. It has been shown that electrons donated 
from succinate to its dehydrogenase are required by this reaction 
(3), and a working experimental hypothesis is that succinate 
transfers its reducing equivalents to pyridine nucleotide in an 
energy-linked reaction involving certain carriers of the respira- 
tory chain. Kinetic and inhibitor studies are performed to 
determine which components are so involved. 


EXPERIMENTAL PROCEDURE 


The mitochondrial preparations and physical techniques are 
described in Paper I (1). 


RESULTS 


Effect of Amytal on Interaction of DPNH and Flavoprotein— 
Because ~1 mm Amytal causes simultaneous reduction of mito- 
chondrial pyridine nucleotide and oxidation of flavoprotein, it 
has been concluded that Amytal interferes with electron transfer 
between DPNH and flavoprotein (4). Succinate-linked reduc- 
tion of flavoprotein is not, however, inhibited by the same con- 
centrations of Amytal, and it is therefore assumed that some 
component of the DPNH-flavoprotein interaction is inhibited 
(4,5). Such an inhibition might reasonably affect both the oxida- 


* This research has been supported in part by a grant from the 
National Science Foundation. 
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of Lund, Lund, Sweden. 


tion and the reduction reactions between DPNH and flavopro- 
tein, a possibility that can be tested by observing the kinetics of 
oxidation and reduction of succinate-linked pyridine nucleotide 
in the presence of ADP. In the absence of Amytal (Fig. 1B of 
Paper I (1)), the rate of oxidation of pyridine nucleotide upon 
addition of 220 um ADP is 0.56 um DPN per second, and the 
rate of oxygen utilization is 1.0 um O» per second. As the ADP 
is exhausted, the reduction is 30°, complete at the time the steady 
state of oxygen utilization is achieved (state 4) and is complete 
5 seconds thereafter, suggesting synchronization of the activation 
and inhibition of respiration with the oxidation and reduction of 
succinate-linked pyridine nucleotide. 

In mitochondria pretreated with succinate and 0.8 mm Amytal 
(Fig. 1), addition of 220 um ADP activates respiration to ap- 
proximately the same extent (0.9 uM Oz per second). However, 
the initial rate of oxidation of pyridine nucleotide is 8-fold slower 
(0.07 um DPN per second) than in the absence of Amytal. In 
fact, a steady state is barely achieved by the time ADP is ex- 
hausted. The reduction is also inhibited and is only 10% 
complete by the time the slow state of oxygen utilization (state 
4) is reached. Half-maximal reduction does not occur until 25 
seconds later. It is apparent from this experiment that Amytal, 
in addition to partially inhibiting the oxidation of DPNH by 
flavoprotein, also inhibits the reduction of DPN by succinate. 

If the mitochondria are pretreated with 0.8 mm Amytal but 
no succinate, addition of 4 mM glutamate then elicits a slow 
electron transfer (Fig. 2), permitting accumulation of high 
energy intermediates for reducing succinate-linked pyridine 
nucleotide (1). The slow reduction of pyridine nucleotide 
reaches a steady state in about a minute and a half, during which 
time there is no measurable respiration (see ‘‘Discussion”’). 
Addition of 4 mM succinate then initiates respiration at 0.8 pM 
O» per second, a rate comparable to that in Fig. 1. The rate of 
pyridine nucleotide reduction is, however, only 0.042 um DPNH 
per second, which is 7-fold less than that obtained in mito- 
chondria in the absence of Amytal (0.28 um DPNH per second. 
See Fig. 1B of Paper I (1)) This may be compared with the 
8-fold inhibition of oxidation in Fig. 1. Thus, the concentration 
of Amytal that inhibits both the oxidation and reduction of pyr- 
idine nucleotide in the succinate-linked reaction is about the 
same as that which inhibits the oxidation reaction in the presence 
of glutamate (4, 5).! 

Because the effect of Amytal on the reduction of pyridine 


1B. Chance and G. Hollunger, in preparation. 
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340 -374my 


log Ie/I = 0.005 


220 uM 
ADP 


.9uM 


PN/sec 
(Succinate 
+0.8mM 
Amytal) 


50 sec 


Fic. 1. Inhibition of oxidation and reduction of succinate- 
linked pyridine nucleotide by pretreatment with 0.8 mm Amytal. 
A control experiment appears in Fig. 1B of Paper I (1). Guinea 
pig kidney mitochondria pretreated with 4 mm glutamate and 4 
mM succinate; sucrose-phosphate-magnesium medium (pH 7.4); 
0.6 mg of protein per ml; 3.7 um pyridine nucleotide; temperature, 
Pyridine nucleotide (PN) is recorded spectrophotometrically 
and oxygen utilization polarographically (Experiment 683-3). 


4mM 


Glutamate 340 -374m 
Sate? 
+ 
Amytal) 


0,038yM in 


0.042yuM 
PN/sec 


sec 
Pyridine Nucleotide Reduction+ 


Fic. 2. Effect of Amytal on glutamate and succinate reduction 
of mitochondrial pyridine nucleotide. Guinea pig kidney mito- 
chondria pretreated with 0.8 mm Amytal and subsequently treated 
with glutamate and succinate. Experimental conditions as in 
Fig. 1 (Experiment 638-5). 


nucleotide provides: (a) a key to identification of the pathway of 
electron transfer for this reaction with components of the respir- 
atory chain; and (b) evidence against the possibility that Amytal- 
insensitive DPN-linked dehydrogenases participate, it is of 
interest to observe its effect in the presence of ATP. Fig. 3A 
and B illustrates effects observable in pigeon heart mitochondrial 
preparations that require ATP for succinate-linked pyridine 
nucleotide reduction (6). In both experiments, mitochondria 
are suspended in mannitol-sucrose-Tris medium (Pi- and Mgt+- 
free) (1) and are treated with succinate and ATP, the latter 
addition being followed immediately by a reduction of pyridine 
nucleotide. In Fig. 34, the initial rate of the reduction is 0.16 
uM DPNH per second. After 30 seconds, 2 mm Amytal is added 
and abruptly inhibits the reduction. In Fig. 3B, where two 
records are superimposed, the Amytal-free sample shows a rapid 
and large reduction of pyridine nucleotide, whereas the Amytal- 
treated sample shows a 5-second induction period after addition 
of ATP and a maximal rate of reduction one-half that in the 
untreated material. 

Effect of Amytal on Oxidation and Reduction of Cytochrome b— 
The effect of Amytal upon the kinetics of reduction and oxida- 
tion of cytochrome 6 substantiates the supposition that the 
succinate-linked reduction of DPN involves electron transfer 
through the respiratory chain. Fig. 4 (a control experiment in 


which succinate is added to Amytal-free guinea pig kidney 
mitochondria) indicates reduction of cytochrome 6, measured at 
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430 to 410 my, at a rate of 0.0034 um Fe per second. The kinetics 
of this reaction approach zero order, and completion is not ob- 
tained until a time comparable to that required for DPN reduc- 
tion has elapsed (see Fig. 1B of Paper I (1)). Addition of 200 
uM ADP causes a typical oxidation-reduction cycle of cytochrome 
b and acceleration and deceleration of respiratory activity. The 
rate of oxidation of cytochrome b is ~0.07 um Fe per second. 
The kinetics of cytochrome b in Amytal-treated mitochondria 
are illustrated by Fig. 5. In this case, sufficient Amytal (1.6 
mM) is used to block electron transfer through DPN almost 
completely. Addition of 4 mM succinate causes a reduction of 


72pM AT 
= 
Plus Pre-treated With 
4mM 
Succinate 1.4mM Amytai 


log Ie/I#0.010 NO Amytal 
(Smm Poth) Pyridine Nucleotide Reduction 
Fluorescence Recurding 
A 450myp 3.5yM DPNH 
B 


Fic. 3. Inhibition of energy-linked pyridine nucleotide reduc- 
tionby Amytal. A.Amytal, 2 mM, added after succinate and ATP. 
Pigeon heart mitochondria; mannitol-sucrose-Tris (pH 7.4) me- 
dium; 2.6 mg of protein per ml; temperature, 26° (Experiment 
165d). 8B. Mitochondria pretreated with succinate and Amytal, 
1.4 mm (———) and with succinate alone ( ), 1.1 mg of pro- 
tein per ml. Other conditions as in 3A (Experiment 178f). 


430 - 410 mp 


log Io/I= 0.005 
ADP 


/ 


— 
State 4_, 
(glutamate) 
0.0034uM\, 
e/sec \ O.07uM Fe/sec—> 


50 sec——4 


Cytochrome b reduction ¥ 


Fic. 4. Kinetics of reduction of cytochrome 6b on addition of 4 
mM succinate to glutamate-treated mitochondria and those of 
oxidation on addition of 220 uw ADP. Experimental conditions 
as in Fig. 1 (Experiment 684-5). 
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Succinate 
State 430-410 my 
(.6mM 
Amytal) ~0-033yM log =0.005 


Fe/sec 


220uM 


0.038uM ——> 
Fe /sec 0, /sec ™ 


Cytochrome b reduction 
Fia. 5. Effects of Amytal, succinate, and ADP on the kinetics 


of cytochrome 6 in the absence of glutamate. Experimental 
conditions as in Fig. 1 (Experiment 684-10). 
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TABLE I 
Effect of Amytal on kinetics of oxidation and reduction of pyridine 
nucleotide, flavoprotein, and cytochrome b of guinea pig kidney 
mitochondria 
Conditions similar to those of Figs. 1 to3 (Experiment 683). 


Reaction rates (2 electrons per second) 


| 


Oxidation by ADP 


Reduction by succinate 
(State 4s to 38) 


(State 4g to 4s) 


[Amytal] | 
Pyrid | Flavo- Cytoch Pyrid Fla 
“nueleotide | protein |” ‘nucleotide | protein | chrome 
me | | 
0 | 0.32 | 0.015 0.0017; 0.6 | 0.03 | 0.035 
0.8 | 0.10 | 0.055 | —* | 0.07 | 0.10 | —* 
1.6 | 0.085 0.055 0.017 0.0 0.10 0.019 


* Not measured. 


cytochrome 6 at a rate of 0.033 um Fe per second, ~10 times the 
rate obtained in Fig. 4. Comparison of these kinetics with those 
of Figs. 1 and 2 suggests that reduction of cytochrome 6 is 
largely complete before that of pyridine nucleotide in Amytal- 
treated mitochondria. Further evidence for a change in the 
nature of electron transfer reactions is afforded by the ~2-fold 
decrease in the rate of oxidation of cytochrome 6 upon addition 
of ADP. The experimental results appear to agree with the 
hypothesis that Amytal treatment inhibits a reaction that trans- 
fers oxidizing equivalents to the respiratory chain from DPN 
reduction. 

Table I summarizes experimental data on the effect of Amytal 
upon the reduction of DPN by succinate and its oxidation by 
addition of ADP. The rates in this table are in units of 2 
electrons per second. The first row records control experiments 
in the absence of Amytal. Of the three components studied, 
pyridine nucleotide shows the most rapid rates of reduction and 
oxidation, but this is probably due to the fact that the rates 
measured for flavoprotein and cytochrome 6b represent the dif- 
ference between their rates of oxidation and reduction, and are 
not true “‘initial rates.”’ 

In the presence of 0.8 mm Amytal, the rate of reduction of 
DPN has dropped 3-fold, whereas the rate of reduction of flavo- 
protein has increased 4-fold. The rate of oxidation of pyridine 
nucleotide has been inhibited 10-fold, whereas the rate of oxida- 
tion of flavoprotein has increased 3-fold. At the highest Amytal 
concentrations, the rate of reduction of pyridine nucleotide is 
inhibited 10-fold, and the rate of reduction of flavoprotein is 


plus E| 
4mM Succinate = E 
72yM ATP 
HOQNO 


3.5uM DPNH 
Fluorescence Trace 
365—-450myp 


Pyridine Nucleotide Oxidation 


Fic. 6. Inhibitory effects of 3.6 ug(y) per ml of antimycin A 
and 3.6 wg per ml of hydroxyquinoline oxide (HOQNO) on succi- 
nate-linked reduction of pyridine nucleotide activated by ATP. 
Pigeon heart mitochondria; 1.2 mg of protein per ml; other con- 
ditions as in Fig. 3A (Experiment 178c). 
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no faster; cytochrome 6 reduction is 10 times more rapid than 
in the Amytal-free material. The rate of oxidation of DPNH 
is not measurable at the highest Amytal concentration whereas 
the oxidation of flavoprotein remains increased 3-fold. Cyto- 
chrome b oxidation is twice as slow as in the Amytal-free mate- 
rial. 

It can be concluded that DPN acts as an oxidant for flavo- 
protein and cytochrome 6 in the reduction reaction caused by 
succinate addition (state 4, to 4,).2. Similarly, DPNH appears 
to act as a reductant for cytochrome 6 and flavoprotein in the 
oxidation reaction caused by ADP addition (state 4, to 3,). 

Effect of Antimycin A and HQO—In studies of pigeon heart 
mitochondria that are essentially free of substrate, it has been 
observed that addition of succinate causes no measurable reduc- 
tion of pyridine nucleotide under anaerobic and terminally in- 
hibited conditions (e.g. cyanide- or hydrogen sulfide-treated 
(2)). However, addition of ATP is followed by rapid,reduction 
of pyridine nucleotide. Thus, neither of these conditions itself 
blocks electron transfer into succinate-linked pyridine nucleo- 
tide; indeed the same concentration of ATP causes a somewhat 
more rapid reduction in sulfide-inhibited mitochondria than in 
aerobic, uninhibited mitochondria (2). The effects of terminal 
inhibitors are also not inconsistent with the effects of Amytal 
that indicate participation of the respiratory carriers in the 
succinate-linked reduction of pyridine nucleotide. However, a 
study of the effects of antimycin A is essential to determine the 
extent to which the respiratory chain may be involved in both 
the aerobic and anaerobic (terminally inhibited) reactions. 

Fig. 6 illustrates the remarkable effect of low concentrations 
of antimycin A and HQO on ATP-activated reduction of pyri- 
dine nucleotide by succinate. As in Fig. 3B, two experiments 
are represented, each having slightly different initial levels of 
fluorescence. Upon addition of ATP, both traces coincide 
during the reduction of pyridine nucleotide. One sample is now 
treated with 3.6 ug per ml of antimycin A‘ and one with 3.6 yg 
per ml of HQO, the moment of addition being indicated by the 
break in the traces caused by stirring. Pyridine nucleotide is 
now rapidly oxidized ~ 100% in the antimycin-treated sample 
and ~ 75% in the HQO-treated sample. (In control experi- 
ments without HQO, pyridine nucleotide remains reduced for sev- 
eral minutes.) To determine whether the oxidation is caused by 
rapid hydrolysis of ATP or by some other effect, double the initial 
amount of ATP is added. The reduction of pyridine nucleotide 
now obtained is: (a) much slower than that obtained with half as 
much ATP before treatment with the inhibitors; (b) transitory, 
considerable reoxidation of pyridine nucleotide occurring within 
3 minutes. 

To determine whether antimycin A interferes in some hitherto 
unknown way with the reduction of pyridine nucleotide by 
directly linked dehydrogenases, we can compare the kinetics of 
pyridine nucleotide with those of flavoprotein, the latter serving 
as an indicator of the transfer of reducing equivalents from such 
a dehydrogenase into the respiratory chain. In the experiment 
of Fig. 7, aerobic pigeon heart mitochondria are pretreated with 
0.4 uM antimycin A. This elicits a slow reduction of flavopro- 
tein, recorded spectrophotometrically at 465 to 510 my, which is 


The abbreviation used is: HQO, hydroxyquinoline oxide, 
subscript ‘‘s,” in the presence of succinate; subscript ‘‘g,’’ in the 
presence of glutamate. 

3 The fluorescence trace of the antimycin-treated sample is cor- 
rected for its absorption of the excitation light at 365 mu. 
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Flavoprotein reduction 4 


Fic. 7. Site of action of antimycin A, 0.4 uM, in inhibiting suc- 
cinate-linked reduction of pyridine nucleotide. Combined spec- 
trophotometric record of flavoprotein reduction and fluorescence 
record of pyridine nucleotide reduction. Pigeon heart mitochon- 
dria; mannitol-sucrose-Tris medium (pH 7.4); temperature, 26° 
(Experiment 129). 


attributed to a small amount of endogenous substrate present 
in the preparation. About 40 seconds later, 4 mM succinate is 
added, causing no reduction of pyridine nucleotide (recorded 
fluorometrically at 365 my excitation and 440 mu measurement) 
and slight acceleration of reduction of flavoprotein. About 90 
seconds thereafter, 4 mM glutamate is added, causing, as indi- 
cated by the abrupt downward deflection of the spectrophoto- 
metric trace, a rapid transfer of reducing equivalents into the 
respiratory chain. The smaller deflection of the fluorescence 
trace corresponds to the reduction of a small portion of mito- 
chondrial pyridine nucleotide (cf. Paper I (1)). 

In another experiment with succinate- and glutamate-treated 
mitochondria, sufficient antimycin A was added to the mito- 
chondria in state 3 to block respiration within a few seconds; 
under these conditions, the rate of pyridine nucleotide reduction 
proceeds very slowly. These results support the view that 
pyridine nucleotide is not on the main pathway of electron 
transfer. 


DISCUSSION 


Pathways for Pyridine Nucleotide Reduction—The equations be- 
low indicate the range of possibilities that can be considered for 
the pathway of succinate-linked reduction of pyridine nucleotide. 
The first three pathways would not involve the carriers of the 
respiratory chain and would consist of: 

Pathway 1. A “switch”? mechanism dependent upon diverting 
oxidizing equivalents from the pyridine nucleotide-linked sub- 
strates at a rate compatible with the speeds of oxidation of 
succinate and DPNH. Several objections to this hypothesis, 
which is essentially that of Birt and Bartley (7) and Kulka et al. 
(8), have been advanced (1-3) and we now can add to them the 
antimycin and Amytal sentivity of the reduction. Although the 
“switch” mechanism appears to be a very simple one, as yet it 
has not been demonstrated to occur even in model systems. 


DPNH 


(1) 


succinate 


Pathway 2. Formation of a pyridine nucleotide-linked oxida- 
tion product of succinate by the reactions of the citric acid cycle, 
for example malate. Such a reaction has been considered (3), 
and it is concluded that much of the reduction observed in the 
presence of malate and glutamate is due to succinate formation. 
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In this case also, sensitivity to Amytal and antimycin A would 
not be expected. 


succinate — fumarate — malate — oxaloacetate (2) 


Pathway 3. An energy-linked pathway in the presence of 
succinate, in which the activated succinate* would be suitable for 
reducing pyridine nucleotide by means of an ordinary dehydro- 
genase mechanism. Alternatively DPN could be activated so 
as to be reducible by succinate. 


X~I 
succinate ~ succinate” < 


(3) 
fumarate + DPNH + H* 


Pathway 4. Finally, there is a possible energy-linked pathway 
differing from that of Pathway 3, in that the respiratory carriers 
would be involved. 

DPN 
X ~ I, carriers 


succinate «< » DPNH + H* + fumarate (4) 

The sensitivity to Amytal and antimycin A is decisively in 
favor of Pathway 4, particularly in Fig. 3A where the effects of 
succinate and ATP are blocked by Amytal. As discussed before 
(3), a combination of Pathways 3 and 4 is possible; in such a com- 
bined pathway, activated succinate would be produced by a reac- 
tion involving the carriers of the respiratory chain. Such a 
mechanism cannot be distinguished at present from Pathway 4. 

In view of the foregoing, we may consider pathways of electron 
transfer of varying complexity consistent with the response of 
succinate-linked pyridine nucleotide reduction in the experiments 
presented here. 

Pathways Involving Interaction of Respiratory Components at 
Level of Flavoprotein—The simplest pathway of reducing equiva- 
lents which would account for the effects of malonate (1) and 
Amytal upon the kinetics of oxidation and reduction of pyridine 
nucleotide in kidney mitochondria is summarized by Fig. 8. 
The malonate-sensitive point is indicated to be between succinate 
and succinic dehydrogenase (flavoprotein,) and the Amytal-sen- 
sitive point between flavoprotein3and DPN. Thus, the malonate 
block would cause the oxidation of pyridine nucleotide, and the 
Amytal block would cause its reduction. 

The fact that the oxidation and reduction of succinate-linked 
pyridine nucleotide closely follow the increases and decreases of 
respiratory activity accompanying the state 4-3-4 transitions 
suggests that there is an active oxidase pathway for this ma- 
terial. The demonstrated sensitivity of the pathway to Amytal, 
malonate, and antimycin A supports this view. Possible path- 
ways for this oxidation are a reverse of the reduction reaction or 


a separate chain (-—-—). For the purposes of this discussion, the 
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Fic. 8. Pathway of electron transfer in succinate-linked pyri- 
dine nucleotide reduction (MD-92). 
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Malonate c fp. 
i 2 
pe 
~DPN 


Fic. 9. Pathway of electron transfer in pyridine nucleotide 
reduction (MD-91). 


two can be considered equivalent, since they would both show 
the same inhibitor sensitivity. 

[In phosphorylating mitochondria inhibited by Amytal, flavo- 
protein becomes more oxidized and pyridine nucleotide more re- 
duced; therefore, it is logical that a site of Amytal inhibition les 
between these two components (4,5). This observation can now 
be supplemented by that reported here, that Amytal inhibits 
the rate of energy-linked reduction of pyridine nucleotide, al- 
though the reduction eventually proceeds to completion. In 
nonphosphorylating preparations on the other hand, flavoprotein 
becomes more reduced (9) whereas ubiquinone is not reduced (10).4 
Thus, it is evident that the principal site of action of Amytal 
differs in phosphorylating and nonphosphorylating mitochondria. 
In the former, we postulate that Amytal can interact with energy 
transfer reactions themselves in a way similar to guanidine (5) 
with the result that the DPNH-flavoprotein couple is inhibited for 
forward and for reversed energy transfer as well. This view of 
Amytal inhibition is consistent with thermodynamic considera- 
tions (11). : 

Thus, in the mechanism of Fig. 8, the site of Amytal inhibition 
is identified with flavoprotein, and flavoprotein;, implying that 
the flavin component of the respiratory chain is affected by the 
inhibitor in such a way that its ability to transfer reducing 
equivalents to pyridine nucleotide or to accept oxidizing equiva- 
lents from the adjacent member of the respiratory chain is in- 
hibited. Actually, the site of inhibition could be between pyridine 
nucleotide and flavoprotein. However, identification of the elec- 
tron transfer pathways would be unaffected by this change. 

The mechanism of Fig. 8 is also consistent with the accelerated 
reduction of cytochrome 6 in the absence of Amytal, inasmuch as 
electrons can be transferred from succinate through flavoprotein, 
directly to cytochrome 6 without a bypass into flavoprotein; and 
DPN. 

The pathway of electron transfer from flavoprotein, to flavo- 
proteins is in accord with the data of Beinert and Crane (12) 
who favor the idea of direct transfer between flavoproteins. The 
reduction of DPN by diaphorase preparation has recently been 
studied by Massey and Searls (13) and Searls and Sanadi (14). 

Although the function of ubiquinone (coenzyme Q) in phos- 
phorylating mitochondria has not been clearly defined, there is 
nothing in the current experimentation to rule out the possibility 
that ubiquinone could be the transfer intermediate between 
flavoprotein, and flavoprotein;. The arguments presented so 
far would not be affected, and the objections to Fig. 8 brought 
up in the following paragraph would be equally applicable, in- 
asmuch as the reduction of ubiquinone in nonphosphorylating 


*B. Chance and Y. Hatefi, unpublished observations. 


Energy and Electron Transfer. 


Vol. 236, No. 5 


IV 


preparations (15) and in phosphorylating preparations’® has been 
shown to be unaffected by antimycin A. 
Pathways Involving Interaction of Respiratory Components at 


Level of Cytochrome—The fact that the reduction of pyridine 


nucleotide is inhibited by antimycin A rules against the mech- 
anism of Fig. 8 which should give more rapid reduction of DPN 
in the presence of antimycin A, particularly in the presence of 
added ATP. For this reason, the mechanism of Fig. 9 is pro- 
posed, in which reducing equivalents for DPN pass through the 
respiratory chain at the level of cytochrome b. In this way, the 
system acquires antimycin A sensitivity of electron transfer to 
oxygen and to DPN. A current theory on the site of action of 
antimycin A (16) is that it lies between cytochromes 6 and ¢, 
and represents an inhibition of the ability of cytochrome 6 to 
transfer reducing equivalents along the chain. The interesting 
possibility that antimycin A is blocking energy transfer, not 
electron transfer, is unlikely in view of the clear-cut inhibition 
observed between cytochromes 6 and ¢ + ¢ in nonphosphorylat- 
ing preparations (17). (See Note, p. 1568.) 

At the present time there is no evidence for or against the 
transfer of electrons to a point higher than cytochrome 6 in the 
respiratory chain, such as cytochromes ¢ or ¢;. A study of this 
point requires an inhibitor that would act between cytochromes 
c, and ¢ or between ¢ and a + a3. 

Cytochrome 6 responds to Amytal treatment in accordance 
with the mechanism of Fig. 9; it is much more rapidly reduced 
and somewhat more slowly oxidized in the Amytal-inhibited ma- 
terial. The fact that this increase in the velocity of reduction is 
10-fold for cytochrome b and only 3-fold for flavoprotein also 
suggests that the mechanism of Fig. 9 is the more probable. 

In the experiment of Fig. 6, DPNH is oxidized by the addition 
of antimycin A or HQO. To explain this result, we postulate as 
a general phenomenon that antimycin A inhibits the ability of 
cytochrome 6 to transfer electrons to the adjacent component 
which, as seen in the mechanism of Fig. 9, would occur at a site 
between cytochromes 6 and c, or between cytochrome 6 and 
flavoproteins. However, the sensitivity of the two reactions to 
antimycin A would necessarily differ, that between cytochrome b 
and flavoprotein; being the more sensitive. 

In summary, the proposed pathway of electron transfer from 
succinate to pyridine nucleotide involves the ordinary carriers 
of the respiratory chain up to and including the antimycin- 
sensitive point, at which electron transfer is reversed in such a 
way as to activate a DPN-linked reductase (cf. 13, 14) designated 
flavoprotein3. 

Schematic Diagram of Electron and Energy Transfer Pathways— 
These considerations of the pathway of succinate-linked reduc- 
tion of pyridine nucleotide have been incorporated into the 
schematic diagram of Fig. 10 which shows the complete respira- 
tory chain and the various sites of energy conservation. The 
pathways shown here are identical to those described above 
except for the possible participation of ubiquinone in electron 
transfer to the pool of succinate-linked pyridine nucleotide (18). 
Inasmuch as transfer via ubiquinone is not firmly established, 
the mechanism provides for electron transfer directly from 
cytochrome 6 to flavoproteins as indicated in Fig. 9. It also 
includes a pathway from succinate through flavoprotein, and 
the cytochromes to oxygen and from flavoprotein, to cytochrome 
6 via ubiquinone. Similarly, the pathway for oxidation of 
DPNH through flavoprotein; may or may not include ubiquinone. 


> B. Chance and E. R. Redfearn, unpublished observations. 
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Electron transfer from flavoprotein; to DPN in the energy-linked 
pathway would proceed via cytochrome 6 and flavoprotein; with 
or without mediation of ubiquinone. The utilization of high 
energy intermediates in reduction of pyridine nucleotide is indi- 
cated at only one site, but others may be involved. 

The electron transfer chain participating in ATP-activated 
oxidation of cytochrome and reduction of pyridine nucleotide in 
anaerobiosis or in the presence of sulfide can also be indicated 
by Fig. 10. The observed sensitivity of the chain to antimycin 
A suggests that some of the electrons donated in oxidation of 
cytochromes passes through the antimycin-sensitive point in the 
chain in accordance with Fig. 9. The question to be con- 
sidered is whether these electrons pass into the succinate-linked 
pool of pyridine nucleotide via flavoproteing; or into the direct 
dehydrogenase-linked pool via flavoprotein,. No definite conclu- 
sion can now be reached. 

Electron Flux through Succinate-linked Pool—The diagram of 
Fig. 10 also provides a framework for a more critical discussion 
of the amount of electron transfer that may pass into the suc- 
cinate-linked pool and its function in respiration. It is apparent 
that the initial rates of oxidation and reduction of this material 
in aerobic mitochondria, as measured in the state 4,-to-4, and 
4,-to-3, transitions are slow compared to the rate of oxygen 
utilization (1). However, in anaerobic or terminally inhibited 
systems, the rates of pyridine nucleotide reduction are much 
faster. The determining factor in these kinetics, as indicated 
in Fig. 10, is the actual concentration of X ~ I at the energy- 
requiring site. Thus, in anaerobic or terminally inhibited sys- 
tems, high rates of pyridine nucleotide reduction are obtained 
when all electrons from succinate are available and when the 
concentration of X ~ I is high. Similarly, the aerobic state 4 
affords conditions for a high degree of pyridine nucleotide reduc- 
tion. However, under none of these conditions is the rate of 
reduction as slow as that obtained in state 3, in which ADP and 
P; block the reverse pathway, for example by diminishing the 
concentration of X ~ I. In this state, it is unlikely that any 
significant electron transfer passes through the pool of succinate- 
linked pyridine nucleotide. In fact, the level of pyridine nucleo- 
tide in the pool indicates the content of high energy intermediates 
in the mitochondria. 

Why Don’t Directly Linked DPN-reducing Substrates Act as 
Succinate?—Any mechanism in which electrons pass from DPN- 
linked substrates through the respiratory chain to a point com- 
mon to those involved in succinate-linked pyridine nucleotide 
reduction would appear to allow the energy-linked process to 
occur with either a DPN-linked substrate or a flavin-linked sub- 
strate. This is true of the mechanism of Fig. 10. Three ex- 
planations can be considered at the present time; one mentioned 
earlier (1) implies that electron transfer from succinate has a spe- 
cal activating effect on the energy-linked pathway. This in 
turn implies that succinate affects the mitochondria in some way 
that dehydrogenase-reduced pyridine nucleotide cannot. The 
other two explanations involve actual differences in the pathways 
for oxidation of succinate and DPNH. One directly applicable 
to Fig. 10 is that electron flow from dehydrogenase-linked pyri- 
dine nucleotide can somehow be distinguished from that obtained 
from flavin-linked substrates at the antimycin-sensitive point, 
succinate being for this reason essential for the energy-linked re- 
action; only the electron flow from the flavin-linked substrate 
connects with the energy-linked pathway. Separation of the 
electron flow from DPN-linked dehydrogenase and that from 
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SCHEMATIC DIAGRAM OF ELECTRON AND ENERGY 
TRANSFER PATHWAYS 


Malonate 


X~Ig pet Pi X~P+Ty 
X~P + ADP <<—ATP+ X 
Fig. 10. Schematic representation of the pathway of electron 


transfer in succinate-linked pyridine nucleotide reduction, indi- 
cating sites for energy conservation and utilization (ME-89). 


direct flavin-linked dehydrogenase on a larger scale would involve 
separate assemblies of respiratory enzymes for oxidation of suc- 
cinate and DPNH. This is very unlikely in both the nonphos- 
phorylating and the phosphorylating respiratory chain since the 
extent of reduction of cytochrome ¢ in anaerobiosis or upon 
addition of a terminal respiratory inhibitor is the same, regardless 
of whether DPNH or succinate is the substrate. Moreover, the 
kinetics of reduction of cytochrome c do not appear to be biphasic 
with either substrate. The possibility that such chains could be 
interconnected at the level of cytochrome c has been disproved 
(19) but connections at the antimycin-sensitive site require fur- 
ther study. 

Degree of Reduction of Pyridine Nucleotide in Anaerobiosis— 
Finally, the observation that, in mitochondria treated with a 
pyridine nucleotide-linked substrate, pyridine nucleotide be- 
comes fully reduced in the transition from state 4 to anaerobiosis 
should be clarified (for the energy requirement for this transition, 
see Paper I (1)). The preferred explanation for this phenomenon 
is that a small concentration of succinate is present during the 
oxidation of the pyridine nucleotide-linked substrate and that 
this concentration is responsible for the anaerobic reduction of 
pyridine nucleotide. This hypothesis is supported by the fact 
that the anaerobic reduction by succinate is malonate-sensitive 
(2) and that this sensitivity is not overcome by the addition of a 
pyridine nucleotide-linked substrate. Although it is possible 
that transhydrogenase activity, for which high energy inter- 
mediates are not required, could cause anaerobic reduction of 
pyridine nucleotide, other experiments (1) show that the actual 
effect is sensitive to ADP and P;. For this reason, it seems that 
the role of transhydrogenase in the anaerobic reduction of pyri- 
dine nucleotide is a minor one. In this connection, it is relevant 
to point out again (20) that succinate-linked pyridine nucleotide 
reduction is itself a type of transhydrogenase activity in which a 
portion of the energy conserved in the oxidation of one molecule 
of pyridine nucleotide may be used in the reduction of another. 


SUMMARY 


1. The pathway of electron transfer from succinate to pyridine 
nucleotide shows a sensitivity to antimycin A, suggesting that 
carriers of the respiratory chain up to and including the anti- 
mycin-sensitive point are involved in succinate-linked reduction 
of pyridine nucleotide. 
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2. The sensitivity of succinate-linked reduction of pyridine 


nucleotide to Amytal suggests that a reverse of the flavoprotein- 
pyridine nucleotide interaction observed in the oxidation of 
pyridine nucleotide in phosphorylating mitochondria is also part 
of the electron transfer pathway. 


3. Mechanisms indicating the interconnection of electrons 


from the antimycin-sensitive point to this flavoprotein via elec- 
tron carriers such as cytochrome 6 and ubiquinone are considered. 
These mechanisms appear to apply to both aerobic and anaerobic 
(terminally inhibited) energy-linked reduction of pyridine nucleo- 
tide. 


4. Three mechanisms for increased reduction of pyridine 


nucleotide in succinate-treated mitochondria that do not involve 
the above pathway fail to show responses of the experimentally 
observed sensitivity to Amytal or to antimycin A. 


5. The properties of the energy-linked pool of pyridine nucleo- 
tide in metabolism are considered. 


Its participation is likely to 


be small in state 3 and of some consequence in state 4. 
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Noted Added in Proof—Léw et al. (Federation Proc., 20, 48f 
(1961)) have reported verbally the reduction of exogenous DPN 
on addition of ATP and succinate to phosphorylating particles 
prepared from beef heart (ETPH), supplementing the previous 
demonstration by Chance and Fugmann (Biochem. and Biophys. 
Research Communs., 4, 317 (1961)) that exogenous cytochrome ¢ 
can be oxidized in reversed electron transfer. The reaction re- 
ported by Léw and his co-workers was highly inhibited by Amy- 
tal (2 X 10-* om) and partially inhibited by antimycin A (2 ug per 
mg of protein), thus confirming the existence of an energy-linked 
reduction of pyridine nucleotide that passes through carriers of 
the respiratory chain. Since they consider that a relatively high 
concentration of antimycin A is required, they have chosen to 
attribute its effect to an activation of ATPase instead of to an 
inhibition of electron transfer. The data presented in Fig. 8 and 
Table IV of Paper II (1) and in Fig. 6 of Paper IV above show 
that both antimycin A and HQO have a marked effect on the 
rate of ATP-activated reduction of DPN. The simplest ex- 
planation is that electron transfer has been partially inhibited. 
It is not to be expected that the quantitative effect of inhibitors 


of reversed electron transfer would be identical to that on forward © 
electron transfer since the rates of electron flow differ by about — 
The relation between inhibitor sensitiv- 
ity and the rate of electron flow has been studied in skunk cab- , 


10-fold (cf. Paper IV). 


bage mitochondria (cf. Fig. 8 of Chance and Hackett, Plant 
Physiol., 34, 33 (1959)). 
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V. THE ENERGY TRANSFER PATHWAY* 
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A study of the velocity with which adenosine 5’-triphosphate 
interacts with the carriers of the respiratory chain presents an 
unusual opportunity to explore the mechanism of action of the 
energy transfer pathway (1). Previous studies of this mechanism 
have been limited to: (a) systems in which a portion of the path- 
way toward the carriers was measured by the O'8 exchange re- 
action (2), the adenosine 5’-triphosphate-P® exchange reaction 
(3, 4) (Equations 1 and 2); and (6) adenosine 5’-triphosphatase 
reactions (5, 6) in which high energy intermediates (X ~ I (7)) 
are rapidly hydrolyzed by treatment with uncoupling agents 
(Equations 1 to 3): 


ATP + X — ADP + X~P (1) 
(2) 
dinitrophenol X41 3) 


In adenosinetriphosphatase activity, the pathway of energy 
transfer is studied under conditions under which no oxidative 
phosphorylation can be observed. In neither adenosinetriphos- 
phatase nor exchange reactions does the reaction proceed to the 
carrier level, despite suggestions to the contrary (3), although 
indirect effects of the carrier oxidation state are observable (3, 4). 
The kinetics of two types of adenosine 5’-triphosphate-linked 
reactions are discussed here: (a) those leading to pyridine nucleo- 
tide reduction in aerobic mitochondria and (b) those leading to 
cytochrome oxidation and pyridine nucleotide reduction in 
anaerobic or terminally inhibited mitochondria. The effects of 
inhibitors such as dinitrophenol, magnesium, adenosine 5/-di- 
phosphate, phosphate, and oligomycin on the pathways of energy 
transfer are examined. The inhibitor sensitivities identify the 
energy transfer pathway for the reversal of electron transfer with 
that for oxidative phosphorylation. Thus, a new approach to 
the kinetic properties of reactions coupling electron transfer to 
the formation and breakdown of adenosine 5/-triphosphate is 
provided; these data can be compared with those on adenosine- 
triphosphatase and adenosine 5/-triphosphate-P*® exchange. 


EXPERIMENTAL PROCEDURE 


The mitochondrial preparations, reaction media, and physical 
techniques are described elsewhere (see Paper I of this series (8)). 


. This research has been supported in part by a grant from the 
National Science Foundation. 


RESULTS 


Succinate-linked Pyridine Nucleotide Reduction—As discussed 
elsewhere (9), small concentrations of ATP cause appreciable 
reduction of pyridine nucleotide, the rate of the reaction being 
proportional over a limited range to the concentration of ATP 
(Fig. 14). Concentrations below a certain minimum (20 um 
ATP) cause a scarcely measurable rate of reduction of pyridine 
nucleotide, whereas a hyperbolic relationship is obtained at larger 
concentrations. The maximal rate at which ATP can transfer 
its energy into the reduction of pyridine nucleotide is estimated 
to be a plateau value of ~0.44 um DPNH per second. This 
value can be converted to a cytochrome c or protein basis. In 
the latter case, the value corresponds to 24 mumoles of DPNH 
per minute per mg of protein; in the former, the ‘turnover 
number” of DPNH, referred to the concentration of cytochrome 
c, gives 0.66 1-electron equivalents in DPNH per second per 
mole of cytochrome c. These data can be compared with the 
“turnover number”’ of cytochrome c in the oxidative reaction 
which is 1.5 sec! for state 4, ,,! and 5.6 sec— for state 3,.. (ef. 
Table II). 

The kinetic curves for such an experiment indicate that an 
accurate second order velocity constant for the reaction of ATP 
with the respiratory chain cannot be obtained, although it ap- 
parently approaches 0.25 um DPNH per 100 um ATP per second 
per mg of protein. 

Another approach to the kinetics of succinate-linked reduction 
of pyridine nucleotide is provided by a-ketoglutarate, low con- 
centrations of which cause a specific and highly efficient (9, 10) 
reduction (Fig. 1B) attributable to internally generated suc- 
cinate and ATP. The plateau value is 0.9 um DPNH per 
second, which when converted as for Fig. 1A gives an over-all 
activity of 10.8 mumoles of DPNH per minute per mg of protein 
and a “turnover number”’ of 0.26 per second per mole of cyto- 
chrome c (cf. Table II). 

A third approach to the kinetics of the reduction is to pre- 
treat the mitochondria with glutamate. Data obtained with 
this and the two preceding methods are summarized in Table I. 
When 4 mM glutamate is added before succinate, it is slightly 
more effective than 0.1 mm ATP. When succinate is added 
before glutamate, however, the rate of formation of DPNH is 
comparable to that in the presence of a-ketoglutarate. Glu- 
tamate pretreatment apparently has the advantage of precharg- 


1 The abbreviations used are: subscript ‘‘g,’’ in the presence of 
glutamate; subscript ‘‘s,’’ in the presence of succinate. 
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Fic. 1. Relationships between the rates of pyridine nucleotide 
reduction or cytochrome c oxidation and the concentrations of 
ATP, ADP, or a-ketoglutarate added to pigeon heart mitochon- 
dria. Mannitol-sucrose-Tris medium (pH 7.4). A. Relationship 
between the rate of pyridine nucleotide reduction and concen- 
tration of ATP added. Aerobic mitochondria pretreated with 4 
mM succinate; 1.4 um cytochrome ¢ (Experiment 140e); B. Effect 
of concentration of a-ketoglutarate on rate of pyridine nucleotide 
reduction; 2.5 mg of protein per ml (Experiment 149e); C. Rela- 
tionship between rate of eytochrome c¢ oxidation and concentra- 
tion of ATP added. Mitochondria pretreated with 360 uM so- 
dium sulfide (no succinate); 1.2 mg of protein per ml (Experiment 
198b); D. Effect of various concentrations of ADP on kinetics of 
cytochrome c oxidation and pyridine nucleotide reduction. Ae- 
robie mitochondria (state 4), pretreated with 4 mm succinate, 140 
uM ATP, and 4 mm phosphate; 1.2 mg of protein per ml (Experi- 
ment 201b). 


TABLE I 
Effect of various energy sources on rate of pyridine nucleotide 
reduction in pigeon heart mitochondria 
Measured spectrophotometrically at 340 to 374 my. Mannitol- 
sucrose-Tris medium (pH 7.4); 2.6 mg of protein per ml; tempera- 
ture 26° (Experiment 165a). 


| Rate of forma- 
tion of DPNH 


Energy source | Concentration on adding 4 ma 
succinate 
mM | uM /sec 


ing the system with very low concentrations of succinate and 
ATP so that, upon addition of excess succinate, the reduction 
can proceed rapidly. Glutamate alone produces only 15% of 
the reduction obtained with both glutamate and succinate (8). 
The kinetics of reduction caused by added succinate and ATP, 
by a-ketoglutarate, and by glutamate are sufficiently similar that 
they may involve the same reaction mechanism for pyridine 
nucleotide reduction. 

Anaerobic Energy Transfer yrom ATP to Cytochrome and 
Pyridine Nucleottde—By measuring the rates of change of cyto- 
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chrome and pyridine nucleotide concentrations in records such 
as those of Paper II (9), plateau values for the maximal rates of 
energy transfer from ATP into cytochrome oxidation or pyridine 
nucleotide reduction are obtained; those for several experiments 
are given in Table II. On the basis of protein content or ‘‘turn- 
over number,” the values obtained under anaerobic conditions 
(Experiment 195b) exceed those obtained under aerobic condi- 
tions by factors of 2 to nearly 10. An explanation for this in- 
creased rate (9) is that, under anaerobic conditions, oxygen does 
not compete for reducing equivalents from succinate. An ex- 
planation for the greater rate of pyridine nucleotide reduction as 
compared with that of cytochrome oxidation is that in the anaero- 
bie system succinate can also contribute reducing equivalents to 
pyridine nucleotide. 

At low concentrations of ATP, the relationship between the 
concentrations and the rate of cytochrome oxidation (Fig. 1C) 
is linear; when the slope of this trace is converted to units similar 
to those of Table II (um cytochrome c¢ per second per mg of 
protein per 100 um ATP), values of 1.5 (1-electron) and 0.75 
(2-electron) are obtained. The values computed from Figs. 14 
and 1B are 0.25 and 0.84, respectively, on a 2-electron basis. 

Kinetics of Reaction with 1 DP—To compare the velocity of the 
reaction in which energy is transferred from ATP to the respira- 
tory carriers with that with which ADP can interact in the for- 
ward direction, we have obtained the maximal values of the 
latter for pyridine nucleotide and cytochrome c¢ in pigeon heart 
mitochondria (Fig. 1D). Under the experimental conditions 
used, 3.6 uM pyridine nucleotide and 0.07 um cytochrome ¢ are 
oxidized per second, the “turnover” of the former being rapid 
and that of the latter being slow. On comparison of these with 
ATP-activated rates (Table II), it is seen that the rates of pyn- 
dine nucleotide oxidation on adding ADP are faster than those of 
its reduction on adding ATP. 

Effects of Inhibitors: ADP and Phosphate—According to Equa- 
tions 1 to 3, either ADP or phosphate should inhibit the transfer 
of energy from ATP to X ~ I. The effect of ADP on ATP- 


induced reduction of pyridine nucleotide in the presence of suc- . 


cinate is illustrated in Fig. 2, where the reduction (downward 
deflection of the trace) is interrupted and reversed by addition 
of 100 ym ADP. The reaction of Equation 1 has clearly been 
affected, and added phosphate was not necessary for the ADP 
inhibition of energy transfer. 

As discussed elsewhere (10, 11), a-ketoglutarate functions 
chiefly to provide succinate and ATP in a highly efficient energy- 
linked reduction of pyridine nucleotide. The effects of ADP 
and phosphate on the transfer reactions involved can be com- 
pared in Fig. 3, which illustrates three titrations of pyridine 
nucleotide reduction by a-ketoglutarate: in the absence of added 
phosphate and ADP (QO); in the presence of 0.3 mm ADP (0); 
and in the presence of 12 mm phosphate (A). Under the two 
latter conditions, both the rate and extent of the reaction are 
considerably inhibited; the effects of ADP and phosphate are 
attributable to their effects upon Equations 1 and 2. 

Equations 1 and 2 also suggest that ADP and phosphate in- 


hibit pyridine nucleotide reduction and cytochrome oxidation | 


in terminally inhibited preparations. 
in Fig. 4, in pigeon heart mitochondria treated with succinate 
and inhibited with sodium sulfide. A control experiment (Fig. 
4.4) demonstrates the kinetics and extent of pyridine nucleotide 
reduction (measured fluorometrically) and eytochrome oxida- 
tion (measured spectrophotometrically), the initial rates being 


Such effects are illustrated, | 
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TaBLeE II 
Kinetic data on energy transfer at 26° 


| Activity Turnover number | Te eee of 
t om 
Experiment. Reaction | Conditions | DPNH (1-electron 
| | DPNH (2-electron) 
| l uM /sec/100 pm 
| | sec 1 
140¢ ATP—DPNH Aerobic | 24.0 0.66 0. 25* 1.5 | 5.6 
149e a-Ketoglutarate—DPNH Aerobie | 10.8 0.26 0.84* 1.5 8.8 
165d a-Ketoglutarate—>DPNH | Aerobic | 6.0 
198 ATP—Cytochrome c | Terminally 1.5f 
| inhibited 
| DPNH (2-| c(i- |DPNH (1-| (1 
electron) | electron) electron) | electron) 
195b ATP—Cytochrome c, DPNH | Anaerobic 56 | 14 2.4 | 0.21 3.8 
201 | ADP—Cytochrome c, DPNH | Aerobic 180 3.5 9.6 0.05 
* DPNH (2-electron). 
Cytochrome c (l-electron). 
indicated on the diagram. As shown previously (9), addition 20- 
of ATP elicits a cyclic oxidation of cytochrome ¢ and a biphasic 
reduction of pyridine nucleotide. In the presence of succinate, = 
pyridine nucleotide is reduced faster than cytochrome is oxidized = wo No ADR Pj 
(9). As shown in Fig. 4C, prior addition of ADP inhibits cyto- a l2mM Pj (4) 
chrome oxidation to a large extent, pyridine nucleotide reduction 
to a lesser extent. Fig. 4D shows that 3.6 mm phosphate does m _<tie 0.3mM = (o) | 
not inhibit the initial phase of the reaction (in fact, a slight ac- fe) 50 100 150 
celeration occurs) but does affect the extent of cytochrome oxida- [a Kg] uM 
tion and the slow phase of pyridine nucleotide reduction. Fig. Fie. 3. Effects of ADP and phosphate on the extent of reduc- 
4B shows the combined effects of ADP and phosphate. The tion of pyridine nucleotide on addition of a-ketoglutarate to 


initial rate of pyridine nucleotide reduction is again unaffected. 
However, the slow phase is inhibited 4-fold and the rate and 
extent of the cytochrome reaction are highly inhibited, suggest- 
ing a similar sensitivity of the two components to the joint effect 
of ADP and phosphate. 

The combined effects of ADP and phosphate in inhibiting the 
anaerobic oxidation of cytochrome are further discussed in 
Paper VI (10) and these results are considered on a thermo- 
dynamic basis. 

Effect of Added Magnesium—The pathway of energy transfer 
from succinate to pyridine nucleotide can be studied from specific 
reactions affecting the high energy intermediates. The effect 
of magnesium on ATP-induced reduction of pyridine nucleotide 
in the presence of succinate is illustrated in Fig. 5, under experi- 


340-374 my 
+ 
log Io/I=0.010 


5.5mM Succinate 
1OOuM ATP 


Fic. 2, ADP inhibition of ATP-activated reduction of pyridine 
nucleotide in aerobic pigeon heart mitochondria in the presence of 
succinate (phosphate-free medium); 1.2 mg of protein per ml (Ex- 
periment 142a). 


aerobic pigeon heart mitochondria; 1.2 mg of protein per ml 


(Experiment 149e). 


Cytochrome-c Oxdation Pyridine Nucleotide Reduction 
550-540my 365-450me 


PN 

Aerobic PH 
3604M No,S 

Vie 
ADP 


D 


Fic. 4. Effects of ATP and phosphate on the kinetics of cyto- 
chrome c oxidation and pyridine nucleotide reduction in succinate- 
and sodium sulfide-treated pigeon heart mitochondria. The rates 
of oxidation and reduction are given in micromoles per liter per 
second; 1.9 mg of protein per ml (Experiment 204d). 


mental conditions similar to those of Fig. 2. After the reaction 
has proceeded 20 seconds, 9 mM magnesium is added, almost 
completely inhibiting the reaction but not reversing it, as ADP 
did. 
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tem is illustrated by Fig. 6. 
mitochondria are treated successively with succinate, sodium 


and pyridine nucleotide reduction. If 0.7 mm magnesium is added 
before ATP (center), pyridine nucleotide reduction is inhibited 
~50°%, and cytochrome oxidation even more so. Other data 
show that with an ATP/Meg** ratio of ~1, the rate of oxidation 
of cytochrome c by ATP is inhibited ~22°;. 

Effect of Uncoupling Agents—Uncoupling agents are extremely 
active inhibitors of the reduction of pyridine nucleotide and the 
oxidation of cytochrome c._ If the experiment of Fig. 6, left, is re- 


340-374 my 


+ 
log Lo/I=0.010 


5.5mM Succinate 


ATP 
Aerobic —>==—9mM Mg 
PH Mw 
(State 1) 


Fic. 5. Effect of magnesium on ATP-activated reduction of 
pyridine nucleotide in aerobic pigeon heart mitochondria in the 
presence of succinate; 1.2 mg of protein per ml (Experiment 142a). 


Cytochrome-c Reduction | 


550-540myp 4mM Succinate 


ta, S log Ie/I=0.0036 
00 
= 360yM No,S 
4mM 4mm ~/ 
Succinat sec Succinate 32yM ATP- 
= 
== 32yM ATP 
——- 
Pyridine Nucleotide Reduction 4.5yM DNP 


+ 
365—> 450my | DPNH 


Fic. 6. Inhibition of pyridine nucleotide (PN) reduction and 
cytochrome c oxidation in sulfide-treated mitochondria by mag- 
nesium and dinitrophenol (DNP); 1.2 mg of protein per ml (Ex- 
periment 178b). 


TaBce III 
Effects of dibromophenol on kinetics of reduction of cytochrome b, 
flavoprotein, and pyridine nucleotide on adding succinate 
Guinea pig kidney mitochondria in state 4,; 25-fold dilution; 
temperature, 25°; “isotonic salts’ medium; 4 mM glutamate + 0.01 M 
phosphate (pH 7.2); 4 mg of protein per ml (Experiment 731). 


Energy and Electron Transfer. V 


The effect of magnesium on the sodium sulfide-inhibited sys- 
In a control experiment (left), the 


sulfide, and 32 um ATP, the last causing cytochrome oxidation 


Rate of reduction from state 4 on 
addition of succinate (um/sec) 
Wave- 
Component 
lengths | without | With 24 a | With 48 pu 
dibromo- dibromo- dibromo- 
phenol phenol phenol 
mp 
Cytochrome b........... 430-410 | 0.008 0.009 
Flavoprotein............ 465-500 | 0.019 0.016 
Pyridine nucleotide...... 370-374 | 0.70 0.25 0.04 


Aerobic 
PHM, Cytochrome-c Oxidation / 
(2 Hours) 550-540mp 
No, log Ie/I=0.005 
+4mM 
365 --450my 
29yM ATP + 
Pyridine Nucleotide Reduction “a 
Aerobic PH. 
M,, (24 Hours) 
| 29uM ATP 
+4mM Succinate 
Cytochrome-c Oxidation 
550-540my 
log 


Fic. 7. Comparison of ATP activation of cytochrome c oxida- 
tion and pyridine nucleotide reduction in pigeon heart mitochon- 
dria aged for 2 hours (top) and 24 hours (bottom) at 0°; 1.2 mg of 
protein per ml (Experiment 171b-2, 4). 


peated with 4.5 um dinitrophenol instead of magnesium (right), 
there is only a brief cycle of oxidation of cytochrome c in which 
the maximal amplitude is less than 50% of the control value. 
The fluorescence trace is recorded immediately after addition of 
dinitrophenol, and the ensuing cycle of pyridine nucleotide re- 
duction is smaller and shorter than in the control experiment, 
the maximal amplitude being less than 25°% of that observed in 
Fig. 6, left. 

In aerobic mitochondria, uncoupling agents have a generalized 
effect on the succinate-linked reduction of pyridine nucleotide 
for which a sensitive assay has been developed.? In brief, the 
reduction of succinate-linked pyridine nucleotide is more sensi- 
tive to these agents than is the activation of respiration, the 
former being specifically inhibited in rate and extent. 

Effects of another uncoupling agent, dibromophenol, on the 
kinetics of pyridine nucleotide, flavoprotein, and cytochrome } 
on adding succinate to glutamate-treated mitochondria are sum- 
marized in Table III. In the absence of dibromophenol, pyridine 
nucleotide is more rapidly reduced than cytochrome 6 and flavo- 
protein. With 24 um dibromophenol, which gives approximately 
half-maximal uncoupling,’ the rate of pyridine nucleotide reduc- 
tion falls to ~36% of the control value, whereas the rates of the 
other components differ only slightly. With 48 um dibromo- 
phenol, the rate of pyridine nucleotide reduction is ~6% of the 
control value, and the changes in the steady state levels of the 
other carriers are so small as to be immeasurable. 

Effect of Mitochondrial Aging—Because aging of mitochondria 
activates ATPase, we compare in Fig. 7 the effects of 2- and 24- 
hour aging on ATP-induced reduction of pyridine nucleotide and 
oxidation of cytochrome c in the presence of succinate and sodium 
sulfide. In the latter preparation, oxidation of cytochrome c 
is considerably inhibited in rate and extent, and also in duration, 
indicating a higher rate of ATP turnover. Pyridine nucleotide 
reduction is somewhat decreased in extent and, more significantly, 
in duration. It is unlikely that any pyridine nucleotide was 


lost during the aging process, inasmuch as the mitochondria were — 


Vol. 236, No. 5 


maintained in a mannitol-sucrose-Tris medium at 0° for the 24- | 


hour period. 
eral nature of the conclusions would not be altered by a small loss 
of pyridine nucleotide. 

Oligomycin—A number of substances that interfere specifi- 


2B. Chance and G. Hollunger, in preparation. 
3B. Chance and G. Hollunger, unpublished data. 


In any case, no cytochrome was lost, and the gen- ° 
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cally with the transfer reactions of Equations 1 and 2 have been 
tested. Such substances may be identified in several ways, one 
being by their inhibition of the effect of ADP on the rate of 
respiration and the steady state of the carriers. Two so identi- 
fied are guanidine (12) and oligomycin (13). Another inhibitor, 
azide, blocks an intermediate step in Equations 1 and 2 required 
for the ATP-P® exchange reaction (14, 15). 

Inasmuch as the effect of azide on the ATP-P® exchange re- 
action was observed in rat liver mitochondria (15), we have used 
the same material in the experiment of Fig.8. The mitochondrial 
suspension (mannitol-sucrose-Tris medium) is initially in state 
1. Addition of 0.8 mM sodium sulfide causes reduction of cyto- 
chrome c (downward deflection of the spectrophotometric trace) 
in ~ 60 seconds. Pyridine nucleotide, instead of becoming more 
reduced, is slowly oxidized (upward deflection of the fluorometric 
trace) and reaches a steady state at about the same time. The 
ATP-electron transfer reaction is now demonstrated by the addi- 
tion of 400 um ATP, which oxidizes cytochrome and reduces 
pyridine nucleotide. As soon as a steady state is reached, 4.0 
mM azide is added, causing an abrupt decrease in the extent of 
oxidation of cytochrome c (from 75 to 48%) and in the rate of 
reduction of pyridine nucleotide (>50%). 

The inhibitory effect of oligomycin (13) is illustrated by Fig. 9. 
In a control experiment (left), the response of succinate- and 
sulfide-treated pigeon heart mitochondria to 400 um ATP is 
observed, cytochrome being abruptly oxidized and pyridine 
nucleotide abruptly reduced. When this experiment is repeated 
in the presence also of 0.6 ug (y) per ml of oligomycin (right), 
both the rate and extent of the responses of cytochrome and py- 
ridine nucleotide are inhibited, the initial rates being about one- 
third of those in the control experiment. The duration of the 
eycles, however, is scarcely altered, suggesting that oligomycin 
has a specific effect on the rate at which the intermediate of 
Equation 2, X ~ I, can be used in activating cytochrome oxi- 
dation and pyridine nucleotide reduction. 

In view of the tight binding of oligomycin to the intermedi- 
ate(s) of the transfer reaction, a titration would aid in deter- 
mining the completeness of the inhibition obtained with this 
substance. In Fig. 10 (left) a titration of the inhibition of cyto- 
chrome c oxidation under the conditions of Fig. 9 is graphed. 
Oligomycin, 1 wg (vy) per ml, almost completely inhibits oxidation 
of cytochrome c in anaerobic pigeon heart mitochondria at a pro- 
tein concentration of 0.8 mg per ml, under the conditions indi- 
cated. 

The generality of the inhibitory effect of oligomycin on the re- 
duction of pyridine nucleotide is seen from experiments under 
anaerobic (terminally inhibited) conditions (Fig. 10, right) and 
under aerobic conditions (Fig. 10, center). In the sulfide-treated 
system, pyridine nucleotide reduction is inhibited at the same 
concentration of oligomycin as cytochrome c oxidation (Fig. 10, 
left). In the aerobic system, pyridine nucleotide reduction is 
extensively inhibited, but more oligomycin is required and the 
inhibition is not complete. 

Chlorpromazine (100 um) has been observed to give 50% inhi- 
bition of the aerobic reduction of pyridine nucleotide in the pres- 
ence of succinate.® 


‘Material generously donated by F. M. Strong. 

* The oligomycin concentration was erroneously given in grams 
per milliliter instead of micrograms per milliliter in a preliminary 
report (1). 

*B. Chance, unpublished experiments. 
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Pyridine Nucleotide Reduction | 
365—* 
3.04M OPNH 


0.8mM 
ATP 


400uM ATP 


Cytochrome-c Oxidation 
550-540mp 


log Ie/I* 0,005 
Fic. 8. Azide inhibition of cytochrome c oxidation and pyridine 


nucleotide (PN) reduction in sulfide and ATP-treated rat liver 
mitochondria (no succinate) ; 1 um cytochrome c (Experiment 206a). 


0.04uM Fe/sec 


Cytochrome< Onidetton| 50sec —4 
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Fic. 9. Inhibitory effect of 0.6 ug (y) per ml of oligomycin on 
pyridine nucleotide reduction and cytochrome c oxidation in suc- 
cinate- and sulfide-treated pigeon heart mitochondria; 0.8 mg 
of protein per ml (Experiment 209d). 


3 4mM Succinote 4mM Succinate 
3 0.54 400uM ATP No,S 
2 3 400uM ATP 
5 3 
> 3 
ot 
y/mi 
B 


Fic. 10. Effect of concentration of oligomycin on (A) terminally 
inhibited oxidation of cytochrome c; (B) aerobic reduction of py- 
ridine nucleotide; and (C) terminally inhibited reduction of pyri- 
dine nucleotide. Pigeon heart mitochondria; 0.8 mg of protein per 
ml (Experiments 209c, d). 


Nucleotide Specificity—Another interesting feature of the path- 
way of energy transfer is its nucleotide specificity. In the ex- 
periment of Fig. 11, equal concentrations of five nucleotides are 
added to a succinate- and sulfide-treated suspension of pigeon 
heart mitochondria. Within the experimental error (1%), 
neither GTP, UTP, ITP, nor CTP elicits reduction of pyridine 
nucleotide or oxidation of cytochrome c; ATP, however, elicits 
the usual responses of these two components. 

Transfer reactions might be expected between ADP and the 
nucleotide triphosphates to give ATP, but no measurable ones 
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Fic. 11. Nucleotide specificity of pyridine nucleotide reduction and cytochrome c oxidation in succinate- and sulfide-treated 
pigeon heart mitochondria; 1.3 mg of protein per ml (I-xperiment 180e). 
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Fic. 12. Effect of ITP on ATP-activated cytochrome c¢ oxida- 
tion and py ridine nucleotide reduction in succinate- and sulfide- 
treated pigeon heart mitochondria; 0.8 mg of protein per ml (Ex- 
periment 209f). 
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Fic. 13. Effect of concentration of ITP on extent of pyridine 
nucleotide reduction and cytochrome c oxidation in succinate- and 
sulfide-treated pigeon heart mitochondria; 0.63 mg of protein per 
ml (Experiment 210a). 


were observed in pigeon heart with a variety of nucleotides or in 
rat liver with GTP (71 um). The experiment with GTP (Fig. 11) 
was repeated in pigeon heart mitochondria in the presence of 
added ADP, and no reduction of pyridine nucleotide was ob- 
served. It is probable that the transfer enzyme has a fairly low 
activity in these mitochondria. The experiments that follow 


show that the mitochondria are permeable to ITP and presum- 
ably to the other nucleotides. 

Effect of Inosine Triphosphate—In investigating whether 
phosphopyruvate is formed from oxaloacetate on addition of 
ITP to pigeon heart mitochondria, it is observed that pyridine 
nucleotide reduction is slowed, not accelerated, on subsequent ad- 
In fact, ITP causes a rapid inhibition of the 


dition of ATP. 


ATP-electron transfer reaction. This effect is demonstrated by 
the experiment of Fig. 12 in which ATP addition gives a typical 
oxidative response of cytochrome c and reductive response of py- 
ridine nucleotide in succinate- and sulfide-treated pigeon heart 
mitochondria. As soon as a steady state is reached, 400 um 
ITP is added, whereupon cytochrome c is abruptly reduced and 
pyridine nucleotide is somewhat oxidized. 

The graph of Fig. 13 represents a titration of the inhibition of 
the responses of cytochrome ¢ and pyridine nucleotide by ITP 
under the conditions of Fig. 12, (succinate and sodium sulfide); 
in this case, varying concentrations of ITP are now added, and 
then 80 um ATP. The inhibition of cytochrome oxidation is 
much more complete than the inhibition of the initial fast phase 
of pyridine nucleotide reduction; kinetic studies show that it is 
the slow or succinate-linked phase of the latter reaction that 
parallels the inhibition of cytochrome in its sensitivity to ITP. 
Fig. 4 illustrates the fast and slow portions of the kinetics of re- 
duction of mitochondrial pyridine nucleotide. 


DISCUSSION 


Activity Values—The ATP-electron transfer reaction affords a 
novel approach to the activity of the energy transfer pathway of 
intact mitochondria, and we have therefore performed a variety 
of experiments to determine some standard values for the ac- 
tivity of this pathway at 26° and in pigeon heart mitochondria. 
Inasmuch as it is most useful to refer ATP-electron transfer to 
the maximal electron transfer activity in oxidative phosphoryla- 
tion, we make the comparison on the basis of turnover number, 
e.g. micromoles of pyridine nucleotide reduced per second per 
micromole of cytochrome c present. Under aerobic conditions, 
the highest turnover number pbtained was 0.66 sec~!, whereas in 
the anaerobic or terminally inhibited system, a value of 2.4 sec 
was obtained. Typical turnover numbers for aerobic respiration 
in pigeon heart mitochondria’ (state 3, succinate) are 5 to 6 sec™. 
Although the anaerobic transfer rate is faster than the aerobic 
rate, it is still only a small fraction of the maximal rate of oxida- 
tion. The rate of ATP-electron transfer at the level of cyto- 
chrome c is 7-fold less than that to pyridine nucleotide, provided 
succinate is present; otherwise the rates approach equality (see 
Paper II (9)). The rates for cytochrome c, however, represent 
the difference between the actual rate of its oxidation by ATP 
and the rate of its reduction by adjacent cytochrome components. 
These values may be compared with dinitrophenol-stimulated 
ATPase activities on which numerous values are available for 
rat liver mitochondria at various concentrations of dinitrophenol 
and ATP (16,17). At 200 um ATP and 10-4 m dinitrophenol, 
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yalues of 8.5 umoles per mg of protein per hour are obtained at 
96° (16). Withacytochrome concentration of 1 10-!° moles 
per mg of protein, the turnover number corresponds to 12 sec". 
The maximal ATPase activity corresponds to a turnover number 
of 32 sec"!. These values are somewhat greater than respiratory 
turnover data and much greater than the ATP-electron transfer 
rates. A similar conclusion is reached on the basis of the ATP- 
p® exchange reaction in rat liver mitochondria which has been 
found to be much more rapid than the maximal rate of oxidation 
(18). Two explanations are possible. First, the rate of the 
reaction into the level of X ~ I (Equation 2) may be much more 
rapid than that of the reaction of X ~ I with the carrier. Sec- 
ond, there may be a variety of exchange reactions in the mito- 
chondria, only a fraction of which lead to interaction with the 
carriers. Some support for the second possibility is afforded by 
the data of Figs. 2C and 2D of Paper II (9) which show that the 
rates of ATP-induced cytochrome oxidation and pyridine nu- 
cleotide reduction are not remarkably slower in “digitonin” 
particles (19) than in the intact rat liver mitochondria from 
which they were derived. However, assays of the exchange en- 
zymes show that these rates are considerably less in “digitonin” 
particles (18) than in intact mitochondria. 

Reversibility of the AT P-Electron Transfer Reaction—A variety 
of experiments show the separate and joint effects of ADP and 
phosphate on the rate and extent of the ATP-electron transfer 
reaction and clearly indicate its reversibility. As expected 
from the higher affinity of oxidative phosphorylation for ADP 
than for phosphate, the former is a more effective inhibitor of 
the ATP-electron transfer. In one experiment (see Fig. 4), a 
phosphate to ADP ratio of 20:1 was required for equal diminu- 
tion of the extent of cytochrome c oxidation by 360 um ATP. 
In an attempt to determine whether the effects of phosphate 
and ADP on cytochrome oxidation are merely summed, it is 
found that concentrations that separately give equal inhibition 
(30%), jointly give 75% inhibition. 

It was anticipated that magnesium would act by causing hy- 
drolysis of high energy intermediates, and indeed it can do so. 
However, the records of Fig. 6 show a prolonged, inhibited reac- 
tion with ATP. It is possible that the added magnesium com- 
bines with the added ATP or with the transfer site to inhibit 
the reaction. This appears to be a rather different mechanism 
from activation of ATPase by magnesium. 

Effects of Uncoupling Agents and Aging—It is observed that a 
transient oxidation of cytochrome c can be obtained in the pres- 
ence of 4.5 um dinitrophenol (Fig. 6C). According to Equation 
3, a suitable concentration of this uncoupler would completely 
eliminate the response to ATP; independent experiments show 
that 9 um dinitrophenol has this effect. The reaction of 
X ~ I with the carriers is sufficiently rapid that their response 
to ATP ean be observed in the presence of sufficient dinitro- 
phenol to accelerate the rate of ATP breakdown (~ 7-fold in 
Fig. 6), suggesting a new method of measuring the competition 
between dinitrophenol and the carriers for the high energy inter- 
mediate. Similarly, in Fig. 7 where aging has increased the rate 
of expenditure of ATP 6-fold, the response of cytochrome c is 
still observable. 

The reaction of ATP with the respiratory carriers may be a 
more sensitive method of detecting the possibilities for coupled 
Phosphorylation than the reverse reaction. ATP-electron 
transfer depends upon the rate of reaction of high energy inter- 
mediates with the carriers: 
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X ~ I+ DPN?* + reduced flavoprotein — 4) 

X + 1+ DPNH + H* + flavoprotein 
whereas in oxidative phosphorylation, the reverse of Equation 4 
occurs. For reasons which we do not fully understand at pres- 
ent, ADP and phosphate do not seem able to compete as effee- 
tively for the high energy intermediate, X ~ I, in the forward 
reaction, as does the carrier couple (DPN-reduced flavoprotein) 
in the reverse reaction of Equation 4. This disparity suggests 
that reversal of the ATP-induced reaction be studied in loosely 
uncoupled systems, particularly to determine which couple ceases 
to respond first. 

Effect of Oligomycin—The ATP-electron transfer reaction is of 
particular interest as a method for identifying differences in the 
responses of the various couples of the respiratory chain in the 
reactions with the transfer system. Titrations of cytochrome c 
and pyridine nucleotide reactions by oligomycin show identical 
sensitivity (Figs. 9 and 10), suggesting not only that oligomycin 
acts at the common intermediate, X ~ I, but also that it acts 
upon the moiety of this intermediate which is identical for the 
three carrier sites rather than upon that which is specific for the 
individual carriers. For example, it has already been postulated 
that three forms of the intermediate exist, X ~ I,, X ~ L., and 
X ~ Iu, each representing a ligand suitable for a different site 
of electron transfer. We must postulate either that oligomycin 
interacts with X or that the I substances are sufficiently similar 
that they react with the same concentrations of oligomycin. 
Neither of these alternatives can be eliminated at present. 

The ATP-electron transfer reaction under anaerobic conditions 
is completely sensitive to oligomycin and is thus completely de- 
pendent upon energy transfer through the mechanism of oxida- 
tive phosphorylation and completely independent of any other 
transfer reactions. It is significant, however, that a small por- 
tion of the aerobic reduction of pyridine nucleotide in the pres- 
ence of succinate is resistant to oligomycin and this leads us to 
consider the possibility that a small portion of the reaction is 
not energy-linked or that it may proceed through a pathway 
of energy transfer insensitive to oligomycin. 

The effect of ITP is very similar to the effects of ADP + 
phosphate in that cytochrome c oxidation and the slow phase of 
pyridine nucleotide reduction are inhibited. It is possible that 
ITP binds the intermediate X so that the reaction with ATP is 
impeded. 


SUMMARY 


1. The transfer of energy from adenosine 5’-triphosphate to 
the respiratory carriers causing oxidation of cytochrome and re- 
duction of pyridine nucleotide under anaerobic conditions is 
completely oligomycin-sensitive. Thus, the pathway of energy 
transfer is identified with that of oxidative phosphorylation. 

2. The responses of the energy transfer pathway to dinitro- 
phenol and to aging of the mitochondria are characteristic of an 
activated hydrolysis of the high energy intermediate. That the 
carrier couples can successfully compete with 4.5 um dinitro- 
phenol for the high energy intermediate is clearly demonstrated; 
higher concentrations of the uncoupling agent (9 um) almost 
completely eliminate the response of the carriers to adenosine 
5’-triphosphate under these experimental conditions. 

3. The adenosine 5’-triphosphate to electron transfer reaction 
appears to be inhibited by magnesium at concentrations about 
equal to that of adenosine 5/-triphosphate. 
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4. The adenosine 5’-triphosphate-electron transfer reaction is 
sensitive to both adenosine 5’-diphosphate and phosphate, the 
former being 20-fold more effective on a molar basis. These 
effects confirm the reversibility of the reaction. 

5. Preliminary values for the activity of the adenosine 5’-tri- 
phosphate-electron transfer reaction have been obtained under 
various conditions, the maximum being still considerably less 
than the maximal rate of oxidative phosphorylation. These 
values are used to evaluate the significance of adenosine 5’-tri- 
phosphate-P® exchange and adenosine 5’-triphosphatase reac- 
tions in relation to the transfer system. 
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Several observations stimulate interest in the quantitative 
aspects of energy expenditure in the reduction of pyridine nucleo- 
tide and the oxidation of cytochrome. First, a comparison of 
energy conserved in electron transfer with that expended in its 
reversal gives a measure of the efficiency of the process: the full 
energy of the oxidation-reduction reaction must be expended in 
activating the reverse of electron transfer, whereas the forward 
reaction may conserve only part of the free energy change in- 
volved. 

A second point of interest concerns a theory of active trans- 
port postulating a mechanism by which the energy stored in 
adenosine triphosphate can be used to activate electron transfer. 
Indeed, it is possible that the adenosine 5’-triphosphate-electron 
transfer activity demonstrated in our experiments is, in princi- 
ple, that postulated for the active transport processes in gastric 
secretion (1). 

Third, these experiments may provide a model for cytochrome 
oxidation and pyridine nucleotide reduction observed upon il- 
lumination of anaerobic cells of photosynthetic organisms such 
as Rhodospirillum rubrum. 

This paper describes several approaches to a quantitative 
evaluation of the efficiency with which adenosine 5’-triphosphate- 
electron transfer reactions may proceed in the energy-linked re- 


duction of pyridine nucleotide and oxidation of cytochrome. 
_ The experimental results show this to be a highly efficient proc- 


ess which may be compared with the over-all efficiency of oxi- 
dative phosphorylation. 
EXPERIMENTAL PROCEDURE 


The preparations and general methods are described in Paper 
I of this series (2). The methods by which utilization of ADP 


can be measured from the recovery processes involved in its 
resynthesis are described in the text (see also (3)). 


RESULTS 


Efficiency of ATP-Electron Transfer Reaction in 
Pyridine Nucleotide Reduction 


Oxidative Recovery after Succinate-linked Reduction of Pyridine 


_ Nucleotide—When the possible methods for measuring the 
_ energy expenditure in the succinate-linked reduction of pyridine 


* This research has been supported in part by a grant from the 


_ National Science Foundation. 


t Permanent address, Department of Pharmacology, University 
of Lund, Lund, Sweden. 


nucleotide are considered, the chemical assay of ADP formed 
from the breakdown of high energy intermediates or of the high 
energy intermediates themselves appears quite unsuitable. 
First, determinations of intramitochondrial ADP are ambiguous 
because they show much larger quantities of ADP than are 
consistent with the low respiratory activity of mitochondria in 
state 4 (4). Second, the assay of high energy intermediates in 
mitochondria is difficult in that the intermediates are not yet 
chemically recognized. 

In fact, the problem is very similar to that of measuring the 
breakdown of high energy compounds in muscle after a twitch. 
In one set of such experiments (5), the formation of ADP was 
measured by the magnitude and duration of steady state changes 
of the respiratory carriers participating in its resynthesis. In 
this paper, we report on measurements in mitochondria of the 
oxidative process representing a recovery from energy expendi- 
ture after succinate-linked reduction of pyridine nucleotide: 


ATP + succinate + DPN+ — 


fumarate + ADP + P; + DPNH + H+ 
ADP + P; + DPNH + H* + 40. — 


ATP + DPN* + H.O 


In discussing Fig. 1B of Paper I (2), we referred to an appar- 
ently momentary increase of respiration after the addition of 
succinate to glutamate-treated mitochondria. In general, how- 
ever, this approach does not provide a sufficiently sensitive or 
accurate measurement of the oxidative recovery after the succi- 
nate-linked reduction. On the other hand, the spectrophoto- 
metric method of Chance and Williams (6) is suitable for such 
an assay. This method takes advantage of the fact that mito- 
chondria at low temperatures, treated with a low concentration 
of azide show large spectroscopic changes in response to a small 
change in ADP concentration. Also, the expenditure of ADP 
is relatively slow at such temperatures, and a few mumoles of 
ADP can be detected in this manner. Another advantage of 
the method is its responsiveness to intermediates other than 
ADP. For example, if one postulates the following mechanism 
for pyridine nucleotide reduction: 


succinate + DPN+ + X ~ I 
DPNH fumarate + H+ 


(1) 


(2) 


(3) 


the respiratory response to X and I will be evoked without the 
necessity for ADP formation, according to the following equa- 
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Fic. 1. Measurement of oxidative recovery after succinate-linked reduction of pyridine nucleotide. 


Rat liver mitochondria; aero- 


bie sucrose-phosphate-magnesium medium (pH 7.2); 3 mg of protein per ml; temperature, 10° (Experiment 970b-13). 
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Fic. 2. Relationship between the extent of oxidative recovery 
in the experiment of Fig. 1, measured in ADP equivalents, and 
that of pyridine nucleotide reduction, measured spectrophotome- 
trically at 340-380 my. Other conditions as in Fig. 1 (Experi- 
ment 970b). 


tion in which, for example, free reduced cytochrome 6 is formed: 


0’ (4) 


Respiration will be stimulated by the increased concentrations of 
the free reduced form of cytochrome 6 and other carriers. 

Fig. 1 illustrates a typical experiment for determining the 
energy requirement for pyridine nucleotide reduction. Azide 
(50 uM) is added to glutamate-treated rat liver mitochondria 
(state 4) to enhance the spectroscopic changes (6). Simultane- 
ous measurements of the fluorescence of mitochondrial pyridine 
nucleotide are made, and the top trace records the oxidation of 
pyridine nucleotide in response to ADP addition (110 um) and 
its subsequent reduction when the added ADP is exhausted. 
Coincident with the oxidation of pyridine nucleotide is an abrupt 
reduction of cytochrome a, indicating increased electron transfer 
activity. The reduced cytochrome is reoxidized as the added 
ADP is exhausted. (The area under the spectrophotometric 
trace is proportional to the amount of ADP added.) Addition 
of 4 mM succinate causes increased pyridine nucleotide reduction, 
accompanied by a closely synchronized cycle of cytochrome a, 
qualitatively similar to that observed upon ADP addition. A 
second addition of 110 um ADP now gives a similar but longer 
oxidation-reduction cycle of cytochrome a. Meanwhile, pyri- 
dine nucleotide is again oxidized and reduced, this portion of 
the experiment having begun with the components in state 4, 
(succinate). 


The most straightforward interpretation of these experimental] 


results is that the energy requirement for succinate-linked pyri- | 


dine nucleotide reduction releases a low energy intermediate 


which is resynthesized by respiratory activity to the level before | 


the addition of succinate. The amount of the substance formed | 


can be computed in terms of an equivalent amount of ADP by 
the procedure given below, provided one assumes that ATP is re- 
synthesized from ADP by the same pathway as that by which 
the high energy intermediate is resynthesized from its low 
energy components. 

Early studies with peroxidases (7) showed that the area under 
such curves could be approximated readily by the product of 
Pmax (the maximal concentration of the intermediate) x the 


time interval required for the concentration of the intermediate | 


to rise from the half-maximal value and fall again to the half- 
maximal value: 


addition ADP added 


(Pmaxtt/20ff) ADP addition 


[ADP equivalents] = 


The dimensions of Pmax and ty2or, cancel out, and only milli- 
meter deflections on the recorder trace are needed. 
The average value of the area ratio for six experiments, under 


the conditions of Fig. 1, was 8.6% or 10 um ADP (0.086 x 110). — 


Because it was expected that more ADP equivalents would be 
required if more DPN were reduced, the experiment was re- 
peated with 1.5 the mass of mitochondria, and the area ratio 
rose to 16%. In fact, for the three concentrations of mitochon- 
dria used, Fig. 2 gives a linear relationship between the ADP 
equivalents and the amount of mitochondria. 

A separate spectrophotometric experiment at 340-380 my 
was made to determine the micromoles of DPN reduced by 
succinate addition (the value of Aé340-330 computed to be 5.3 
em-! 
abscissa of Fig. 2. Thus, the stoichiometry of the amount of 
DPN reduced and ADP equivalents formed can be computed. 


(5) 


These determinations are used to calculate the | 


The slope of the curve of Fig. 2 is 1 DPNH for 2.5 ADP equiva- — 


lents. 
ATP:e value of 1.3. 

If mitochondria are pretreated with sufficient Amytal to cause 
nearly complete pyridine nucleotide reduction by DPN-linked 
substrates, very little further reduction is observed on addition 
of succinate. However, some energy expenditure may occur 
either from the formation of high energy intermediates not 
previously available to the respiratory chain, or from the reduc- 
tion of flavoprotein of the respiratory chain. Fig. 3 illustrates 
an experiment investigating this point, in which rat liver mito- 


This corresponds to an ATP:DPNH value of 2.5 or an © 


chondria pretreated with 800 um Amytal, 4 mm glutamate, and — 
50 uM azide at a temperature of 9° are then treated with 4 mM » 


succinate. The fluorescence trace shows evidence of only a slight 
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increase in pyridine nucleotide reduction (the sensitivity is the 
same as that of Fig. 1). However, there is an abrupt reduction 
of cytochrome a, followed by a rapid recovery, suggesting the 
formation of a low energy intermediate. The calibrating reac- 
tion in which ADP is added begins at the right. Preliminary 
experiments of this type suggest that roughly one-third of the 
total energy expenditure occurs in Amytal-treated mitochon- 
dria. If this same energy expenditure occurs in the absence of 
Amytal, we may apply this value as a correction to the data of 
Fig. 2. Thus we calculate that 1 DPNH is reduced with the 
formation of 1.7 ADP equivalents, corresponding to ATP: DPNH 
= 1.7 or ATP:e = 0.9. 

Indirect Measurements of ATP Breakdown—In the rat liver 
mitochondrial preparations studied, high energy intermediates 
for the reduction reaction were either already present or could 
be readily reconstituted by further oxidation reactions. An 
alternative approach to the measurement of energy expenditure 
in succinate-linked reduction of pyridine nucleotide is to use 
mitochondria that have no reserve of high energy intermediates, 
such as pigeon heart mitochondria (2, 3, 8). When suspended 
in a phosphate- and magnesium-free medium they show, on addi- 
tion of succinate, slow respiration and no measurable reduction 
of pyridine nucleotide. On subsequent addition of ATP they 
show rapid reduction of pyridine nucleotide; however, they are 
sufficiently deficient in phosphate that they do not show a 
measurable respiratory response to the ADP and phosphate 
formed from ATP breakdown. Addition of excess phosphate 
elicits a cycle of oxidation and reduction of the respiratory car- 
riers proportional to the amount of ATP broken down to ADP; 
the amount of ADP formed would be calculated as described 
above. One drawback to this method is that a portion of the 
high energy intermediates produced from the interaction of 
ATP with the transfer reaction could have been hydrolyzed, but 
measurements of ATP breakdown by the change in pH show 
little effect with ATP alone. Thus, the method does provide 
evidence for the breakdown of ATP to ADP in the succinate- 
linked reduction. 

Fig. 4 illustrates the application of this method (3). Pigeon 
heart mitochondria are suspended in mannitol-sucrose-Tris 
medium (2) and pyridine nucleotide reduction is measured in 
the double beam spectrophotometer at 340-374 mu (measur- 
ing and reference wave lengths, respectively (2)). Addition of 
succinate has a negligible effect, but addition of 148 um ATP is 
followed by an increase of absorption (downward deflection of 
the trace) that proceeds steadily for ~60 seconds. At this 
point, 3.8 mm phosphate is added and a cyclic oxidation and 
reduction of pyridine nucleotide is observed, after which the 
suspension is calibrated with 125 um ADP, giving a second cycle 
larger and somewhat longer than the first. The absorbancy 
calibrations indicate that 23 um DPNH was formed on adding 
= 2.2 for the 5-mm path), and 
twice as much or 46 wm ADP was assayed on adding phosphate 
(6). Table I summarizes ATP: DPNH stoichiometries for this 
and similar experiments in three preparations of pigeon heart 
mitochondria coupled to varying degrees and of differing P:O 
values. In one experiment (Line 3), the additions of succinate 
and ATP were reversed, the mitochondria first being briefly incu- 
bated with ATP alone. The increase in the ATP:DPNH 
stoichiometry to 2.5 indicates that the hydrolytic breakdown 


of ATP may occur during the period of incubation but is not 
4 mM 


slight 


serious. The stoichiometries for the two more tightly coupled 
preparations reach 1.9 and 2.0. 
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Fic. 3. Oxidative recovery after addition of succinate to mi- 
tochondria pretreated with Amytal, glutamate, and azide; tem- 
perature, 9°; other conditions as in Fig. 1 (Experiment 970b-6). 


Pyridine Nucleotide Reduction 
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Fic. 4. A method for measuring ATP breakdown in succinate- 
treated pigeon heart mitochondria. Aerobic mannitol-sucrose- 
Tris medium (pH 7.4); 1.1 um cytochrome; temperature, 26° 
(Experiment 139a). 


TABLE 


ATP: DPNH stoichiometry in pigeon heart mitochondria 
Mannitol-sucrose-Tris medium (pH 7.4); temperature, 26°. 


Respira- : 
Experi: | Prepare) conditions | ATE, | DPN ape, | ATR: 
BM uM uM 

133b | 521H | Succinate 2.0 80 7.5 38 5 
+ ATP | 

137b 524 Succinate 3 100 15 4 
+ ATP | | 

137b 524. ATP + | 100 | 14 36. | 2.5 
succinate | 

139 | 525 | Succinate | 3-5 | 118 | 23 | 46 | 2.0 
+ ATP | | | 


Effect of Successive Additions of 1TP—A third suitable method 
of determining the ATP: DPNH stoichiometry is to add increas- 
ing limited amounts of ATP to the succinate-treated mitochon- 
dria and then measure the amount of pyridine nucleotide re- 
Addition of 10 mM succinate to aerobic pigeon 


duced (Fig. 5). 


heart mitochondria elicits no measurable change in the level of py- 
The addition of 18 um ATP (left) is followed by 


ridine nucleotide. 
a slow increase in reduction, lasting 60 seconds. 


The reaction is 


reaccelerated by 27 um ATP with a consequent increase in redue- 


tion. 


In a fresh sample similarly treated with succinate (right), 


the addition of 36 um ATP causes a more extensive reduction of 


pyridine nucleotide. 
experiments (Fig. 6) is sigmoid in character. 


The titration curve for these and similar 
No measurable 


pyridine nucleotide reduction occurred up to 17 um ATP. 
Thereafter, reduction increased abruptly with a slope of 3.4 
ATP’s per DPNH. These results are similar to those described 
later for experiments in which the oxidation of cytochrome c is 
titrated with ATP. The data obtained in this way suggest that 
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another component(s) of the mitochondria interacts with ATP 
before a sufficient concentration has accumulated to cause reac- 
tion with the respiratory carriers. In terms of the currently 
accepted mechanism of energy transfer, the induction phase in 
the titration curve of Fig. 6 could be due to the formation of 
X ~ PorX ~ I. 

A fourth method for evaluating the ATP: DPNH stoichiome- 
try uses a constant concentration of ATP and increasing mito- 
chondrial concentrations. With 37 um ATP, the amount of 
DPNH formed increased with the increasing concentration of 
the mitochondrial suspension until a plateau was reached. 
Under the conditions of this particular experiment, ~4 ATP 
equivalents per DPNH were required, a value not unexpected 
in view of the titration curve of Fig. 6. 

In the titrations illustrated by the preceding figures, the sys- 
tem has been “open” to oxygen; therefore, oxidation of pyridine 
nucleotide could oppose reduction induced by ATP and less 


Pigeon Heart Mitochondria 
Fluorescence Recording 
365 my excitation , 450 mp measurement 


Aerobic M,, 
(State |) 


Plus |OmM SS == 


Succinate 


Fic. 5. Estimation of the extent of pyridine nucleotide reduc- 
tion obtained in succinate-treated mitochondria with given con- 
centrations of ATP. Conditions as in Fig. 4 (Experiment 133f). 
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Fic. 6. Graph of experimental data obtained by the method of 
Fig. 5, indicating the relationship between the amount of pyri- 
dine nucleotide reduced and the amount of ATP added. Pyridine 
nucleotide reduction is estimated fluorometrically with spectro- 
photometric calibration at 340-374 mu. (Experiment 133f). 


4mM Succinate 
1.3mM Na,S 
Aerobic 
= =2. ByM DPNH 
DPNH 
Pyridine Nucleotide Reduction | 
340-374my 
log Ie/I=0.010 


(5mm Path)-+_ 


Fic. 7. Determination of the extent of pyridine nucleotide 
reduction caused by ATP addition to succinate- and sulfide- 
treated pigeon heart mitochondria. Mannitol-sucrose-Tris me- 
dium (pH 7.4); 2.6 mg of protein per ml; temperature, 26° (Experi- 
ment 165c). 
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Fic. 8. Extent of pyridine nucleotide reduction by a-keto- 
glutarate titration at three dilutions: O——O, 2-fold; x—— x, 
4-fold; A——A, 8-fold. Aerobic pigeon heart mitochondria; 
mannitol-sucrose-Tris medium (pH 7.4); 20.1 mg of protein per 
ml of stock solution; temperature, 26°. Spectrophotometric 
measurement at 340-374 my, (Experiment 149c). 


favorable stoichiometric ratios would result. 
petition from oxygen is unlikely, however, because the system 
is in state 4 and the rate of oxidation of succinate-linked DPNH 
is slow. This point is tested in the experiment of Fig. 7, in 
which pigeon heart mitochondria are treated with succinate and 
then with 1.3 mM sodium sulfide to inhibit oxidase activity. The 
ensuing small deflection of the spectrophotometric trace at 
340-374 my is, according to separate fluorometric experiments, 
due to the reduction of pigments other than pyridine nucleotide. 
Addition of a very small concentration of ATP (10 uM) gives 


after an induction period, a downward deflection of the trace — 


corresponding to 2.8 um DPNH, the ATP:DPNH ratio being 
3.5. A second addition of ATP (25 uo) gives a further reduc- 
tion of pyridine nucleotide (4.3 um DPNH), the increment 
corresponding to an ATP:DPNH ratio of 5.7. It is charac- 
teristic of these titrations that the second addition of ATP pro- 
duces relatively less pyridine nucleotide reduction than a single 


Very active com- 


large addition, as seen from a comparison of Fig. 5 and Fig. 7. — 


The increased ATP requirement is attributed to the products 


of the breakdown of the previously added ATP opposing the — 


effect of subsequent additions of ATP. The experiment of Fig. 
7 shows that pretreatment with sodium sulfide does not diminish 
this requirement. 

Effect of Titration with a-Ketoglutarate—In the absence of 
phosphate, very low concentrations of a-ketoglutarate produce 
a high degree of reduction of pyridine nucleotide (11). This 
has been attributed to the simultaneous formation of ATP 
and succinate from a-ketoglutarate in enzyme-bound concen- 
trations (2). The graph of Fig. 8 records the effect of various 
concentrations of a-ketoglutarate, added to three pigeon heart 
mitochondrial suspensions of different dilutions, on the amount 
of DPNH formed. The measurements were made spectro- 
photometrically at 340 mu with 374 my as a reference wave 
length. The sigmoid titration curves obtained are similar to 


those of Fig. 6 and are identical for the two more highly con- | 


centrated mitochondrial suspensions. 
suspension, the curve levels off at a smaller maximal value. The 
average maximal slope of the curves closely approaches an 
a-ketoglutarate: DPNH ratio of 2.0; in fact, this value is slightly 
exceeded at one point. It is apparent from other experiments 
(11) that only succinate-linked pyridine nucleotide is recorded 
under these conditions, that directly reduced by a-ketoglutarate 
being too small to measure here. 
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Chain—Titrations similar to those illustrated by Figs. 5 and 7 
can be carried out in the cytochrome region of the chain, pro- 
vided the system has been blocked with sodium sulfide. Under 
this condition, the most efficient ATP-electron transfer reaction 
is obtained in the absence of added substrate, presumably for 
thermodynamic reasons (see below). Inasmuch as not only 
eytochrome but other components are oxidized, a series of meas- 
urements of the various components at appropriate wave lengths 
must be made. 

A typical study of the components cytochromes c and a is 
recorded in Fig. 9. Sodium sulfide (360 uM) is first added to 
aerobic pigeon heart mitochondria to which no substrate has 
been added, and the reduction of cytochrome c (downward 
deflection of the trace) proceeds almost to completion in ~60 
seconds. Addition of 5.6 um ATP now gives an abrupt upward 
deflection indicating cytochrome oxidation, a peak value of 
0.36 um Fe being obtained. This oxidation is transient and 
subsides during the course of a minute to approximately the 
same level that preceded ATP addition. Addition of 15 um 
ATP gives an equally abrupt but larger oxidation. At this 
point, the wave lengths are changed from those appropriate to 
cytochrome c to those appropriate to cytochrome a, and the 
experiment is repeated with the same concentrations of sodium 
sulfide and ATP and with substantially the same results. 

To determine the total number of oxidizing equivalents 
formed, the experiment was also repeated at wave lengths appro- 
priate to flavoprotein and cytochrome a3. Table II summarizes 
the four experiments and the total number of oxidizing equiva- 
lents found in the four components (in 1-electron units) is 1.52. 
For the concentration of ATP added (5.6), the ATP:e ratio is 
3.7. However, identification of cytochrome az; is uncertain (10). 

The titration curve of Fig. 10 is based on experiments, similar 
to those illustrated by Fig. 6, in which various amounts of 
ATP are added to fresh solutions of pigeon heart mitochon- 
dria, the results then being plotted as a titration curve for the 
oxidation of cytochrome c. In agreement with the results ob- 
tained for titrations of DPNH (Figs. 6 and 8), the curve is sig- 
moid. The steepest part corresponds to an ATP:e value of 
~4. As pointed out before, cytochrome c is only one of four 
components being simultaneously oxidized and its oxidation 
comprises only one-fourth of the total oxidizing equivalents 
(see Table II). Taking this into consideration, the ATP:e value 
would approach the value found for DPNH which, computed 
on these terms, is ~1. 

It is important to determine whether the total of oxidized 
components found approximates the total of reduced compo- 
nents found; this is shown in Table III. To minimize the con- 
tributions of electrons from sources other than carrier oxidation 
in pyridine nucleotide reduction, the experiments tabulated 
here are carried out in the absence of added succinate and in 
one case (170c-3) a 24-hour aged preparation. In general, it is 
apparent that more reducing equivalents are found in pyridine 
nucleotide than oxidizing equivalents in cytochrome c. This 
is, of course, understandable, inasmuch as pyridine nucleotide 
is present in large excess and is probably the principal recipient 
of reducing equivalents, the oxidizing equivalents being dis- 
tributed among a number of components. Therefore, more 
realistic estimates of the stoichiometry are obtained under con- 
ditions in which the oxidizing equivalents found can be totaled 


from the known sources. Under these conditions, more oxidiz- 
&... equivalents than reducing equivalents are found. This re- 
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Cytochrome oa Oxidation * 
605-630myu 


log I o/I=0.005 
360uM Na,S 


Cytochrome c Oxidation * 
550-540myz 


log Io/I=0,005 
360uM No,S 


Aerobic 
| 


= SO 420.06 um =F — 
0.08uM4 sec Fe/sec=0.36uM Fe 
Fe/sec 
= 
0.364M 15M ATP 
5.6uM ATP 


5.6uM ATP 
Fic. 9. Effect of ATP concentration on the extent of oxidation 
of cytochrome c (left) and cytochrome a (right). Sulfide-treated 
pigeon heart mitochondria (no succinate added), mannitol-su- 
crose-Tris medium (pH 7.4); 1.2 mg of protein per ml; tempera- 
ture, 26°. (Experiment 198b). 


TaBLeE II 
ATP-electron transfer efficiency in oxidation of cytochromes and 
flavoprotein of pigeon heart mitochondria 


Mitochondria treated with 360 um Na;S; ATP, 5.6 um; mannitol- 
sucrose-Tris medium (pH 7.4); temperature, 26°. 


Total 
a3* (+a) a* e 
» (mp) 445-460 605-630 550-540 460-510 
A> (cm~! 90 16 19 5.5 
(1-electron) 
Ac (um)(1-electron) | 0.17! 0.36 0.36 0.63 1.52. 3.7 


* An alternative method of estimating the contributions of 
cytochromes a and a; is to use the extinction coefficient Aesos_630 = 
12 cm™' mm~ and to consider the result equal to the total of cyto- 
chromes a and a; (a + a;). The value thus obtained is 0.48 um 
for a + a3, as compared with 0.17 + 0.36 = 0.53 um a + a; in 
Table Il. The results of the two methods are in substantial 
agreement. 
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Fic. 10. Titration of the extent of oxidation of cytochrome c 
with ATP in pigeon heart mitochondria. Each point represents 
an independent experiment with a fresh sample of mitochondria. 
Conditions as in Fig. 9 (Experiment 198b). 


sult indicates there is an electron acceptor other than pyridine 
nucleotide.! 


1 In recent experiments (12), the amount of added ferrocyto- 
chrome c oxidized by ‘‘digitonin”’ particles from pigeon heart mito- 
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TABLE III 
Equivalence of cytochrome oxidation and pyridine nucleotide 
reduction in pigeon heart mitochondria 
Mannitol-sucrose-Tris medium (no succinate added), pH 7.4, 
temperature, 26°. 


Experiment {ATP} | | DPN reduced* 
170¢-3t 28 0.56 | 0.70 
198b 5.6 | 0.36 | 1.5 0.8 
198b | 15 | 0.89 | 3.4 2.0 
203b 71 0.87 | 3.0 
* In l-electron units. 
+ Cytochromes a;, a, and c, and flavoprotein. 
t Preparation aged 24 hours. 
Pyridine Nucleotide Reduction { 
365 450 my 
=x 
700 pM 
ATP 
350 ye 
ATP 
-20 yM Fe/sec. 
Ti yM 
360 yM ATP 
NaS 
+ 
440 pM P 
le 25 sec.-o| ' 
44 yM ADP 


Cytochrome c Oxidation t 
550—540 my 
log 


Fic. 11. Titration of the oxidation of cytochrome ¢ and re- 
duction of pyridine nucleotide in sulfide-inhibited pigeon heart 
mitochondria (no succinate) in the absence (left) and presence 
(right) of ADP and phosphate. Mannitol-sucrose-Tris medium 
(pH 7.4); 1.5 mg of protein per ml; temperature, 26°; optical path 
length, 5 mm (Experiment 203a-11, 13). 


Thermodynamic Aspects—ADP and phosphate were found to 
inhibit ATP-induced oxidation of cytochromes (Paper V (9)). 
In view of this, we studied the response of cytochrome c and 
pyridine nucleotide to ATP in the absence of ADP and _ phos- 
phate and in their presence at concentrations sufficiently high 
to contribute to the inhibition of cytochrome oxidation. Under 


Energy and Electron Transfer. 


chondria has been measured. It is concluded that the electron- 
accepting capacity of the particles is as much as 10 times the 
amount of endogenous cytochrome c. This ratio also exceeds the 
pyridine nucleotide/evtochrome c ratio characteristic of the ‘‘dig- 
itonin’’ particles and supports the possibility that additional elec- 
tron acceptors are participating in the reaction. 

The possibility that the phosphate potential is characteristic 
only of the environment external to the mitochondria appears to 
have little foundation in experiments with ‘‘digitonin”’ particles 
from pigeon heart mitochondria in which approximately the same 
results are obtained as in the intact mitochondria. 
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Fig. 12. Summary of the results of ATP titration of the oxida- 
tion of cytochrome c (@--- - - @) and reduction of pyridine 
nucleotide (- - - - - @) in sulfide-treated mitochondria. Each 
svmbol represents the addition of a given concentration of ATP 
to a fresh sample of mitochondria. The ATP/ADP-P; value is 
given in molar units. Conditions as in Fig. 11 (Experiment 203a). 


these conditions, we attempted to establish a phosphate poten- 
tial in terms of ATP/ADP-Pi, and from this to estimate the 
actual energy requirement for the oxidation-reduction reaction. 


In a typical experiment (Fig. 11, left), pigeon heart mitochon- 


dria, suspended in the usual medium, are pretreated with 360 | 


uM sodium sulfide. 
dation of cytochrome c and a relatively larger reduction of 
pyridine nucleotide. Addition of 350 um ATP causes further 
oxidation and reduction, as does 700 um ATP. These results 
are summarized in Table IT. 


Addition of 71 um ATP elicits a small oxi- 


In Fig. 11 (right), the experiment is repeated in the presence of 
440 um phosphate and 44 wm ADP. Addition of the same 
amounts of ATP gives smaller extents of oxidation and reduction 
than were observed in the absence of phosphate and ADP. A | 
series of experiments was carried out in which the extents of | 
oxidation and reduction was measured upon the first addition 
of ATP to a fresh sample of mitochondria. The results are 
graphed in Fig. 12. In this case, the ATP/ADP.- Pj value giving 
half-maximal oxidation of cytochrome c is ~10* in molar units. 

In a similar graph for pyridine nucleotide reduction, the end 
point of the titration is taken to be the maximal reduction ob- 
tained by ATP in the absence of succinate (about one-third of 
the total mitochondrial pyridine nucleotide). For half-maximal 
reduction of this amount of pyridine nucleotide, the value of 
ATP/ADP.-P; is identical to within the experimental error to 
the value for oxidation of cytochrome c. A more refined titra- 
tion of these components might reveal differences in their re- 
sponse to ATP and hence identify the different couples involved — 
in the ATP-electron transfer reaction. | 

In titrations of cytochrome c¢ in the presence of succinate, | 
similar to those of Fig. 11, the values of ATP/ADP.- P; required 
for half-maximal oxidation of cytochrome ¢ were not achieved; 
it is estimated that a value >100 times greater would be re- 
quired for half-maximal oxidation of cytochrome c under these 
conditions. 


— 


DISCUSSION 


Because most methods for assaying the ATP/DPNH stoichi- 
ometry involve the formation of high energy intermediates 


Fo 


| 

| 

is 

t 

Se 


‘oO. 5 


»xida- 
ridine 

Each 
ATP 
lue is 
2038). 


0ten- 
te the 
tion. 
ehon- 


h 360 
ll oxi- 


on of 
urther 
results 


nee of 

same 
uction 
P. A 


nts of 


dition 
ts are 
giving 
units. 
he end 
on ob- 
hird of 
aximal 
of 
rror to 


| titra- 


volved 


stoichi- 
ediates 


— 


May 1961 


before reduction of pyridine nucleotide, 


ATP + X—X~ P+ ADP (7) 
(8) 

X ~ I+ DPN* + reduced flavoprotein — 
X + 1+ DPNH + H?* + flavoprotein she 
Succinate + reduced flavoprotein — fumarate + a 


flavoprotein 


the actual stoichiometry could approach that of (ATP)/(X ~ 
P+ X ~ 1 + DPNH). It is presumably the formation of 
such intermediates that gives the sigmoid titration curves ob- 
tained for pyridine nucleotide reduction and cytochrome c oxi- 
dation. In these cases, we have taken the maximal slope of 
the titration curve to indicate the ATP-electron stoichiometry. 

In experiments in which succinate is added to glutamate- 
treated mitochondria, the system could have accumulated 
X ~ I; therefore, only Reactions 9 and 10 need occur upon addi- 
tion of succinate. Respiration could restore the concentrations 
of X ~ I after pyridine nucleotide had been reduced. Thus, 
no correction for the formation of substances other than DPNH 
is needed. 

It is of great interest that both methods give ATP-electron 
stoichiometries approaching 1.0 to 1.5, indicating that the ‘“‘maxi- 
mal slope”’ calculation is satisfactory. Such values indicate a 
highly efficient transfer from ATP to electrons, in spite of possi- 
ble losses of ATP in side reactions. To determine the stoichio- 
metric coefficient for a system in which all couples are active and 
in thermodynamic equilibrium, data similar to those of Fig. 12 
are required for all such couples. In the absence of these data, 
interpretation of Fig. 12 is of limited value. If, however, one 
assumes that the electrons for cytochrome c are transferred into 
an infinite ‘‘electron sink,’’ then the slope of a log-log plot similar 
to that of Fig. 12 would give the stoichiometric coefficient for 
the reaction of ATP and cytochrome c. <A value of ~2 can be 
derived on this basis for the data of Fig. 12 and is supported by 
much more detailed data (13). On such a plot, half-maximal 
oxidation of cytochrome c is observed at an ATP/ADP.- Pj value 
of ~10*. This corresponds to a difference of 15 bilocalories? be- 
tween cytochrome c and its “electron sink.”” On a potential 
basis for n = 2, the “electron sink’? would be 0.3 volts below 
cytochrome c (—0.07 volts), or approximately at the level of 
flavoprotein. 

Inasmuch as pyridine nucleotide is reduced at the same time 
that cytochrome c is oxidized, this simple assumption is not 
accurate. However, the total of the components oxidized is 
greater than that of the pyridine nucleotide reduced (cf. Table 
III and footnote’). 

As these studies are extended to all components of the respira- 
tory chain, accurate values for their oxidation-reduction poten- 
tials in the intact chain may be obtained. 

The key question in interpreting these data is whether ATP 
is acting with the oxidation-reduction couples of the respiratory 
chain as individuals or whether it is interacting with the chain 
in which there is rapid electron flux between carriers. Perhaps 
the strongest argument against the latter possibility is the ob- 
servation that the energy requirement for the reaction is so 


* The value of 3 kilocalories given in the preliminary summary 
of these data (14) was incorrect. 
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small that it is thermodynamically unlikely that oxidized cyto- 
chrome oxidase is in equilibrium with reduced pyridine nucleo- 
tide. In general, the experimental data favor this view. For 
example, ATP-activated interaction of DPN and reduced flavo- 
protein is observed in the presence of Amytal, although there is 
some inhibition of the reaction (10). Amytal, however, may 
block energy transfer in phosphorylating mitochondria (15) 
rather than specifically inhibit electron transfer between a pair 
of carriers by direct action on them. On the other hand, elec- 
tron transfer through the antimycin-sensitive site is required 
in the oxidation of cytochrome c by added ATP (10). If, how- 
ever, cytochrome 6 and ubiquinone are involved, the oxidation- 
reduction span is probably not greater than that involved in the 
DPN-reduced flavoprotein interaction. For this reason, our 
working hypothesis will be that ATP can interact with portions 
of the respiratory chain at rates in excess of those that can occur 
between one end of the chain and the other. In fact, such an 
idea is easier to accept if it is considered that the products of 
the ATP reaction are not the free carriers but their I compounds: 


X ~ I+ DPN* + reduced flavoprotein — 
(11) 
DPNH ~ I + flavoprotein + H* + X 


However, such a reaction could have an ATP: DPNH require- 
ment >1. 


SUMMARY 


The stoichiometry and efficiency of the interaction of adeno- 
sine 5’-triphosphate with the respiratory carriers has been eval- 
uated. From oxidative recovery data, the adenosine 5/-tri- 
phosphate-electron ratio is about 1. Values from 1.0 to 1.5 are 
obtained from the direct effects of adenosine 5’-triphosphate in 
both the reduction of pyridine nucleotide and the oxidation of 
cytochrome, although the computations indicating a low stoi- 
chiometric ratio for oxidizing equivalents are based upon more 
assumptions than in the case of reducing equivalents. There is 
rough agreement in the number of oxidizing equivalents found 
in cytochrome and the number of reducing equivalents found in 
pyridine nucleotide, provided succinate is absent. The reversal 
of electron transfer occurs with the expenditure of a remarkably 
small amount of energy (fifteen thousand calories) in cyto- 
chrome oxidation and pyridine nucleotide reduction in the 
respiratory chain. An interpretation of such data suggests that 
the principal point of entry of adenosine 5’-triphosphate may be 
at the pyridine nucleotide-flavin couple, but the entry of adeno- 
sine 5’-triphosphate simultaneously at other points is also con- 
sistent with these data. 


GENERAL SUMMARY 


This series of papers presents evidence for a general property 
of electron transfer systems prepared from a variety of sources 
to show an energy-requiring reversal of electron transfer de- 
pendent upon (a) a reversal of those reactions which couple 
phosphorylation to the respiratory chain and (6) a reversal of 
the oxidation-reduction reactions of the chain itself. Thus, the 
reaction can be observed only in preparations that retain the 
coupling activities. 

Two types of reversal are demonstrable. In the first, the 
system is initially aerobic and the carriers are in a highly oxi- 
dized state. A high potential substrate such as succinate will 
cause nearly complete reduction of the low potential component 
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of the respiratory chain, pyridine nucleotide, upon addition of 
a low concentration of adenosine 5’-triphosphate. In the aerobic 
system, pyridine nucleotide-linked substrates such as malate 
and glutamate are much less effective than succinate plus an 
energy source in achieving a high degree of reduction of mito- 
chondrial pyridine nucleotide. The pathway of electron trans- 
fer from succinate to pyridine nucleotide is apparently through 
carriers of the respiratory chain; the participation of compo- 
nents at the level of flavoprotein and cytochrome b has been 
identified by the sensitivity of the reduction reaction to Amytal 
and to antimycin A respectively. 

In the second type of reversal of electron transfer, the reaction 
is carried out under essentially anaerobic conditions: 1.e. oxygen 
is removed by dithionite addition or cytochrome oxidase is 
inhibited by a cyanide or a sulfide. In the absence of high 
concentrations of endogenous substrate or in the presence of 
added succinate, the cytochrome and flavoprotein components 
of the respiratory chain become reduced, whereas pyridine 
nucleotide remains oxidized (or, in the case of rat liver mito- 
chondria, becomes more oxidized). Addition of low concentra- 
tions of adenosine 5’-triphosphate to such a system causes a re- 
versal of the oxidation-reduction states. Pyridine nucleotide 
becomes reduced and cytochromes and flavoprotein become 
oxidized. In the anaerobic system to which succinate has been 
added, pyridine nucleotide reduction is largely due to the same 
pathway as that observed under aerobic conditions: 7.e., that 
of adenosine 5’-triphosphate-activated electron transfer from suc- 
cinate to pyridine nucleotide. In the absence of added substrate, 
electrons for pyridine nucleotide reduction result from the oxida- 
tion of the respiratory carriers, flavin, cytochrome, (and ubiqui- 
none). 

The pathway of energy transfer from adenosine 5’-triphosphate 
to the respiratory carriers shows an inhibitor sensitivity charac- 
teristic of the transfer reactions of oxidative phosphorylation. 
Low concentrations of dinitrophenol and aging of the mito- 
chondria are inhibitory to the reaction. Of particular interest 
is the high sensitivity of the reaction to low concentrations of 
oligomycin. The reaction is also inhibited separately by adeno- 


sine 5’-diphosphate and by phosphate. The specificity for adeno- 
sine 5’-triphosphate appears to be absolute, inosine 5’-triphos- 
phate being somewhat inhibitory. 

The maximal rate at which adenosine 5’-triphosphate has been 
observed to oxidize reduced cytochrome c is a small fraction of 
the steady state electron transfer in oxidative phosphorylation 
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and of the velocity of the adenosine 5’-triphosphate-P* exchange 
reaction, as observed in some preparations. Since it is apparent 
that phosphate may be exchanged more rapidly than electron 
transfer can be activated at the carrier level, the idea that the 
phosphate compound of the carriers is involved in oxidative 
phosphorylation appears to have even less foundation than 
previously supposed. 

The conversion from adenosine 5’-triphosphate to electron trans- 
fer appears to be highly efficient as has been determined from 
titrations with added adenosine 5’-triphosphate and measurements 
of adenosine 5’-diphosphate formation due to adenosine 5’-triphos- 
phate breakdown. Adenosine triphosphate-electron ratios as 
low as 1 have been observed. Values of phosphate potential 
(ATP/ADP.-P;) on the order of ten thousand calories are found 
to cause a high degree of cytochrome oxidation. 

Experimental evidence for adenosine 5’-triphosphate-activated 
reversal of electron transfer has not been demonstrated in intact 
cells under physiological conditions. However, the possibility 
of its function in the anaerobic cell is worth considering, partic- 
ularly with respect to photosynthesis, anaerobic metabolism, and, 
in portions of the electron transfer chain, in active transport. 
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Aerobically grown bakers’ yeast has been shown to contain 
two different lactic cytochrome c reductases, one of which is 
specific for L(+)-lactate (1) and the other of which is specific 
for D( —)-lactate (2). Neither of these two enzymes is present 
in anaerobically grown yeast, which contains instead a p(—)- 
lactic dehydrogenase that does not reduce cytochrome c. No 
L(+)-lactic dehydrogenase is present in anaerobically grown 
bakers’ yeast. Slonimski et al. (3) have shown that amino acid 
analogues inhibit the development of several respiratory en- 
zymes during the aerobic induction of anaerobically grown yeast, 
but that the development of L(+)-lactic cytochrome c reductase 
is not inhibited. They have suggested that anaerobic p(—)- 
lactic dehydrogenase! is converted on induction into L(+)-lactic 
cytochrome c reductase (4). 

The studies described in the present paper were designed to 
obtain more information about the interrelationship of the vari- 
ous enzymes during the induction process. The results confirm 
the observation of Slonimski et al., and show also that the de- 
velopment of p( —)-lactic cytochrome c reductase is not inhibited 
by amino acid analogues. 

Short communications on parts of this work have appeared 
elsewhere (5-7). 

EXPERIMENTAL PROCEDURES 
Materials 

DPN and cytochrome c (grade II from horse heart) were ob- 
tained from Sigma Chemical Company. Ergosterol, pL-norleu- 
cine, and pt-para-fluorophenylalanine were purchased from 
Nutritional Biochemicals Corporation. tL-Malate, pD-lactate, 
and L-lactate were obtained from the California Corporation for 
Biochemical Research. Nitrogen, containing less than 6 parts 
of oxygen per million, was kindly provided by Norsk Hydro- 
Elektrisk Kvelstofaktieselskap, Oslo. 

The calcium salts of p- and L-lactate (lots 440092 and 301142, 
respectively) were dissolved in water, and calcium was pre- 
cipitated with phosphate at pH 7. The Lt sample has been shown 
to contain 0.25% of the p isomer (2). 


Methods 


D- and L-lactic cytochrome c reductase as well as anaerobic 
D-lactic dehydrogenase were assayed in phosphate buffer, pH 


* This work was supported by the Norwegian Research Council 
for Science and the Humanities. 

1 The abbreviation used is: the p-specific enzyme of anaero- 
bically grown yeast, anaerobic p-lactic dehydrogenase. The sign 
for optical rotation of p(-)- and 1(+)-lactic acid is generally 
omitted. 


7.1, uw 0.008, containing 0.001 m Versene (ethylenediaminetetra- 
acetate) (2). Anaerobic p-lactic dehydrogenase was determined 
with ferricyanide (5 10-4) and 2,6-dichlorophenolindophenol 
(5 X 10-5 M) as acceptors. The unit of enzymatic activity is 
defined as eq of acceptor reduced per hour. 

Cytochrome oxidase was assayed spectrophotometrically in 
0.03 m phosphate buffer, pH 6.8. The concentration of reduced 
cytochrome c was 4 X 10-5 m. Cytochrome c was reduced with 
ascorbic acid. The amount of reducing agent employed was 
slightly less than that needed for complete reduction of cyto- 
chrome c. The unit of enzymatic activity is defined as ueq of 
ferrocytochrome c oxidized per hour. 

Malic dehydrogenase was determined spectrophotometrically 
in 0.1 mM glycine buffer, pH 9.7. The concentration of DPN and 
L-malate were 2.5 X 10° and 2 X 10°? M, respectively. 

For each of the enzymes mentioned above specific activity is 
defined as units per mg of protein. 

Protein was measured by the biuret method (8). When lipo- 
protein complexes were present, 20 ul of 10% deoxycholate per 3 
ml of reaction mixture were added, and the mixture was centri- 
fuged before reading. 

The cells were disrupted, as described previously, for the de- 
termination of D- and L-lactic cytochrome c reductase in yeast 
grown aerobically (2). 

Culture Techniques and Aeration of Resting Cells—Cultures of 
bakers’ yeast were kindly provided by De Norske Gjer & Sprit- 
fabriker A/S, Oslo (2). Single cell colonies were selected, and 
cultures for inoculations were grown in standing Erlenmeyer 
flasks containing 50 ml of wort (10°B). The various media were 
autoclaved for 20 minutes at 15 pounds pressure and left to cool 
under nitrogen. The inoculum size was 1 ml per liter, and the 
incubation time was 3 days at 28°. Carbon dioxide escaped 
through a water trap. At the end of the incubation period 
carbon dioxide evolution was very slow. 

The yeast was washed twice with distilled water at 2°, and then 
suspended in 0.067 m phosphate buffer, pH 6.7, containing glu- 
cose, or glucose plus pL-lactate (9, 10). Ten grams of centri- 
fuged yeast were suspended in 100 ml of buffer. The aeration 
was carried out at room temperature in gas washing bottles 
provided with a cotton filter. 

Media—Five different media were used. They contained per 
liter: Medium I. Beet molasses, to give 15°B; MgSQ,, 0.3 g; 
ammonium sulfate, 1.7 g; ergosterol, 20 mg; Tween 80, 5 ml; 
ethyl alcohol, 5 ml; at pH 4.5. Yield, 25 g (centrifuged yeast). 
pH after growth, 4.5. 

Medium II. Glucose, 30 g; vitamins and salts as in medium 5 
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of Slonimski (11); ergosterol, Tween 80, and alcohol as in Me- 
dium I; at pH 4.5. Yield, 4 g per liter. pH after growth, 2.6. 

Medium IIb. Medium II + 3 g of pi-lactate; at pH 48. 
Yield, 4 g. pH after growth, 4.4. 

Medium III. Glucose, 54 g; Difco veast extract, 10 g; am- 
monium sulfate, 1.2 g; KHePO,, 1.0 g; ergosterol, 10 mg; Tween 
80, 1 ml; ethanol, 2 g;at pH 5.4. Yield,8 g. pH after growth, 
4.4 (12). 

Medium IV. Wort to give 10°B; at pH 5.3. Heat-coagulative 
proteins were removed by centrifugation. pH after growth, 4.3. 
Yield, 6 g. | 

Evaluation of Methods. Lactic Dehydrogenase in Anaerobically 
Grown Yeast—The assay methods of p- and L-lactic cytochrome c 
reductase were examined in the following manner. Particulate 
p-lactic cytochrome c reductase and soluble t-lactic cytochrome 
c reductase were isolated from bakers’ yeast homogenate as 
described previously (2) and tested with 5 x 10-8 mM L- and p- 
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Fic. 1. Reduction of ferricyanide and 2,6-dichlorophenol-in- 
dophenol as a function of homogenate concentration. The reac- 
tion was carried out in phosphate buffer, pH 7.1, with 1.5 K 107? 
mM p-lactate added; the homogenate was from Culture Il. O——O, 
ferricyanide, 5 X 10°*m; @——-@, 2,6-dichlorophenol-indophenol, 
5 X M. 

Fic. 2. Increase of anaerobic p-lactic dehydrogenase with time 
in homogenates from Culture I. Acceptor used in the assay, 2,6- 
dichlorophenolindophenol. X—— xX, not aerated; O——O, cells 
aerated for 4 hours in 0.067 mM phosphate buffer, pH 6.0, with 3% 
glucose added; @——®@, aerated for 8 hours; A——A, aerated for 


25 hours. 


TABLE 


Yield and specific activity of anaerobic p-lactic dehydrogenase in 
homogenate of yeast grown anaerobically* 


Specific activityt 


Yieldt | 
disruption 2,6-Dichloro- | __ |2,6-Dichloro- | dry yeast 
 phenol- Ferricyanide phenolindo- Ferricyanide 
indophenol | phenol | | 
min mg 
5 1.8 6.0 | 31 
15 4.7 13.3 13.5 38 0.27 
30 4.0 12.3 10.4 | 32 | 0.29 


* Culture medium I. 
+ Microequivalents of acceptor reduced per hour. 
t Microequivalents of acceptor reduced per mg of protein per 


hour. 
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lactate, respectively. The rates of the reactions were too low to 
be measured. Since all pD-lactic cytochrome c reductase was 
present in particulate form in yeast homogenates (2), and since 
practically all L-lactic cytochrome c reductase was obtained in 
the soluble fraction, it was concluded that L-lactic cytochrome ¢ 
reductase did not affect the determination of D-lactic cytochrome 
c reductase, or vice versa. 

Since D-lactic cytochrome c reductase does not reduce ferricya- 
nide or 2,6-dichlorophenolindophenol (2), the reaction of these 
acceptors with pD-lactate as substrate is a measure of anaerobic 
p-lactic dehydrogenase alone. 

p- and L-lactic cytochrome c reductase were not present in 
detectable concentration in any of the five homogenates from 
yeast grown anaerobically. Anaerobic pD-lactic dehydrogenase 
was located in the soluble fraction of the homogenates. Half- 
maximal velocity was obtained with 3 xX 107° mM p-lactate; the 
enzyme was practically saturated with 15 :10-% m of the sub- 
strate which was used in the assays. 

The relative rates with ferricvanide and 2,6-dichlorophenol- 
indophenol were 3:1. At high concentrations of the homogenate, 
the rate was not strictly proportional to the concentration. This 
is illustrated in Fig. 1. The deviation was too small to have any 
practical significance for the assay. Another factor, however, 
influenced the assay of anaerobic p-lactic dehydrogenase; in 
several instances in Culture I, anaerobic p-lactic dehydrogenase 
increased with time after homogenization. The results obtained 
with a homogenate after various periods of aeration are shown in 
Fig. 2; the increase with time was larger in the preparation from 
nonaerated cells than in the preparation from cells which had 
been aerated for 4 hours, and no increase was observed after 8 and 
24 hours of aeration. In most homogenates the activity de- 
creased significantly in the course of 24 hours at 5°, and no in- 
crease of the activity was observed. The supernatant of the 
heat-denatured homogenate did not inhibit the enzyme. 

Yield and specific activity of anaerobic p-lactic dehydrogenase 
after various periods of stirring are shown in Table I. Maximal 
yield was obtained after 15 minutes. Thus, the enzyme was 
extracted from anaerobic yeast at the same rate as D- and L- 
lactic cytochrome c reductase from aerobically grown yeast (2). 

The specific activity of anaerobic p-lactic dehydrogenase in 
homogenates of Cultures I, II, IIb, III, and IV were 32, 9, 8, 29, 
and 25, respectively. The activity was measured with ferricya- 
nide as Acceptor 1 and 24 hours after homogenization. Oc- 
casionally, increase of activity with time was observed, but only 
in Culture I. 

Lactic Dehydrogenase during Aeration of Resting Cells—Quali- 
tatively, the effect of aeration on the development of p- and L- 
lactic cytochrome c reductase was the same in the five cultures. 
Initially, the p enzyme developed as rapidly, or more rapidly 
than the Lenzyme. After a lag period, however, the concentra- 
tion of the L enzyme was twice that of the p enzyme. This is 
illustrated in Figs. 3 and 4 for Cultures I and II, respectively. 
The apparent concentration of the anaerobic enzyme was less in 
Culture II than in Culture I, but p- and L-lactic cytochrome c 
reductase developed to a greater extent in Culture II than in 
Culture I. The concentrations of p- and t-lactic cytochrome c 
reductase in commercial bakers’ yeast were 4 and 10, respectively 
(2). This is twice as much as was produced in the best adapta- 
tion experiments. 

In Cultures I, III, and IV, the anaerobic p-lactic dehydrogen- 
ase decreased rapidly during aerobic induction. In Culture I], 
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however, no decrease of the concentration of anaerobic p-lactic 


dehydrogenase was observed. 


A number of respiratory enzymes are induced during aeration 
The development of cyto- 


of yeast grown anaerobically (11). 


f T T T T T 
10 
° 
aq 
O 


HOURS 


Fig. 3. Anaerobic p-lactic dehydrogenase, p-, and L-lactic cyto- 
chrome c reductase during aeration of Culture I. The cells were 
aerated in 0.067 mM phosphate buffer, pH 5.8, with 3% glucose 
added. O-——O, anaerobic p-lactic dehydrogenase, assayed with 
2,6-dichlorophenolindophenol as acceptor; X——X, p-lactic cyto- 
chrome c reductase; @——-@, t-lactic cytochrome c reductase. 
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Fig. 4. p- and t-lactic cytochrome c reductase, malic dehydro- 
genase, and cytochrome oxidase during aeration of Culture II in 
0.067 m phosphate buffer, pH 6.0, with 3% glucose added. Ana- 
erobic p-lactic dehydrogenase remained constant and equal to 
8.9, with ferricyanide as acceptor, throughout the aeration pro- 
cedure. O——O, L-lactie cytochrome c reductase (left-hand 


seale); X——X, p-lactie cytochrome c reductase (left-hand scale) ; 
bi, cytochrome oxidase (left-hand scale); @——@, malic 
dehydrogenase. (right-hand scale). 
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TABLE II 


Effect of p-fluorophenylalanine on induction of p- and t-lactic 
cytochrome c reductase, cytochrome oxidase, and 
malic dehydrogenase 


The cultures were grown on Medium III and aerated in 0.067 
M phosphate buffer, pH 6.5, with glucose, to give 0.01 mM, and pL- 
lactate, to give 0.1 mM, added. The concentration of p-fluoro- 
phenylalanine was 0.01 m (10). 


Hours of aeration 


| 


7 hrs | 22 hrs 
Enzyme | 
| Ohr | + p- + p- 
Control | Control < 
|} mine | nine 
p-Lactic cytochrome c re- | | | | 
0.0 0.39 0.39 0.91 1.04 
L-Lactiec cytochrome c re- | | | | 
0.0 0.43 0.71 | 1.78 3.12 
Cytochrome oxidase........ 0.1) 1.7; 1.7 | 1.6 
Malic dehydrogenase...... 3 | 36 | 35 103 | 78 


chrome oxidase and malic dehydrogenase, as well as of D- and 
L-lactic cytochrome c reductase, is shown in Fig. 4. Both cyto- 
chrome oxidase and malic dehydrogenase were present in meas- 
urable concentrations in Culture II, but p- and L-lactic cyto- 
chrome c reductase developed faster than either of these. 
Similar results were obtained with Cultures I and IV, but in 
Culture III no distinct difference was observed in the rate of 
development of the lactic cytochrome c reductases and the two 
other enzymes. 

Kattermann and Slonimski (4) have investigated the effect of 
some amino acid analogues on the induction of L-lactic cyto- 
chrome c reductase, cytochrome oxidase, succinic cytochrome c 
reductase, and fumarase in yeast grown on Medium III. The 
development of all these enzymes, except L-lactic cytochrome c 
reductase, was inhibited. The effect of p-fluorophenylalanine 
on the induction of D- as well as L-lactic cytochrome c reductase, 
cytochrome oxidase, and malic dehydrogenase in Culture III is 
shown in Table II. Both cytochrome oxidase and malic dehy- 
drogenase were inhibited, p-lactic cytochrome c reductase was 
unaffected, and a definitive stimulating effect was observed on 
L-lactic cytochrome c reductase. Similar results were obtained 
with 0.01 m norleucine instead of 0.01 m p-fluorophenylalanine, 
except that only a slight (10%) stimulation of L-lactic cytochrome 
c reductase was obtained with norleucine. The development of 
p- and t-lactic cytochrome c reductase in Culture I was unaffected 
by the addition of p-fluorophenylalanine (0.01 m). 


DISCUSSION 


The main pathway of induced enzyme synthesis in nondividing 
cells of yeast appears to involve the utilization of the internal 
free amino acids (13). Amino acid analogues will, when added 
to the cell suspension, enter the pool and suppress the synthesis 
of active enzymes. Thus, the inhibition of cytochrome oxidase 
and malic dehydrogenase by p-fluorophenylalanine and norleu- 
cine indicates that these enzymes are synthesized from the amino 
acid pool. Conversely, the fact that p- and L-lactic cytochrome 
c reductase escape the inhibition suggests that they may be 
formed from complex precursors. In this connection it is in- 
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teresting that the lactic cytochrome c reductases are formed 
more rapidly than cytochrome oxidase and malic dehydrogenase 
in several of the cultures. 

It is possible that anaerobic p-lactic dehydrogenase is the 
precursor of p-lactic cytochrome c reductase. The conversion 
would involve incorporation of a soluble or readily solubilized 
protein into the lipoprotein complex of respiratory particles. 
The fact that no apparent decrease of the anaerobic enzyme takes 
place during the formation of p-lactic cytochrome c reductase in 
Culture II would seem to contradict this possibility. However, 
the determination of p-lactic dehydrogenase is too imprecise to 
support this objection. The experiment illustrated in Fig. 2 
indicates that the enzyme obtained from nonaerated cells may 
require time for full development. The lability of the enzyme 
may explain why this process is not observed in all cultures. 

The relatively rapid induction of p- compared with t-lactic 
cytochrome c reductase seems to be a general phenomenon in 
stationary phase cells, independent of the medium used for 
growth. Enzymes oxidizing p-lactate have no obvious physio- 
logical function, and the possibility should be considered that 
lactate is not the natural substrate for this enzyme. In some 
respects the precursor-product relationship suggested by Slonim- 
ski would appear to be more reasonable for the conversion of one 
p-lactate-specific enzyme to another p-lactate-specific enzyme, 
rather than for the conversion of a D-specific enzyme to an L- 
specific one. The situation is too complex to arrive at definite 
conclusions. 


SUMMARY 


Bakers’ yeast was grown anaerobically in five differing media, 
and suspensions of stationary phase cells were aerated in the ab- 
sence of an added source of nitrogen. Anaerobic p(—)-lactic 
dehydrogenase, p(—)- and L(+)-lactic cytochrome c reductase, 
malic dehydrogenase, and cytochrome oxidase were determined 
in cell-free extracts. 

Anaerobic p( —)-lactic dehydrogenase were present in different 
concentrations in the various cultures. p(—)- and L(+)-lactic 
cytochrome c reductase were not present in detectable amounts. 


p(—)- and 1(+)-Lactic Cytochrome c Reductase in Yeast 
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Anaerobic p(—)-lactic dehydrogenase increased with time in 
some of the homogenates. 

The enzymatic changes observed during aeration are sum- 
marized as follows. Anaerobic p(—)-lactic dehydrogenase de- 
creases or remains constant, whereas p( —)- and L(+)-lactic cyto- 
chrome c reductase develop. <A lag period is obtained in the 
induction of L(+)-lactic cytochrome c reductase. In several of 
the cultures p(—)- and L(+)-lactic cytochrome c reductase de- 
velop more rapidly than cytochrome oxidase and malic dehydro- 
genase. The induction of p(—)-lactic cytochrome c¢ reductase 
is not inhibited by p-fluorophenylalanine or norleucine, L(-+)- 
lactic cytochrome c reductase is stimulated, and malic dehydro- 
genase and cytochrome oxidase are inhibited by the amino acid 
analogues. 


Acknowledgment—The author is indebted to Mrs. Anne Lise 
Kristoffersen for able technical assistance. 
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Cullen (2), followed by Hawkins (3) and by Hastings and 
Sendroy (4), used phenol red as indicator for the colorimetric 
determination of plasma pH comparable in accuracy to the 
electrometric determination. More recently, in adaptations 
of the latter method, Rutledge (5) and Van Slyke, Weisiger, and 
Van Slyke (6) have measured plasma pH spectrophotometrically. 
Measurement of the absorbancy of phenol red at optimal wave 
length offers several advantages over visual color comparison. 
Among these are the ease of correction for absorbancy of the 
sample and a minimal subjective error in establishing the ratio 
of the alkaline to acid forms of the indicator. The preparation 
of numerous standards required for accurate visual comparison 
is eliminated. Other advantages of the spectrophotometric 
method have been enumerated by Holmes (7). 

The present report describes a spectrophotometric method for 
the determination of blood, plasma, or serum pH which requires 
a minimum of standard reference solutions and of special appa- 
ratus. The method also minimizes the problem of phenol red 
binding by serum proteins, which has previously necessitated the 
application of correction factors which vary widely for blood of 
different species. 

Colorimetric and spectrophotometric pH methods are based 
on the principle that acid-base indicators in solution are present 
in two forms, acid and basic, which have different colors. The 
ratio of the concentration of the alkaline to the acid form of the 
indicator is fixed by the pH of the solution according to the 
familiar Henderson-Hasselbalch equation: 


(alkaline form) 
(acid form) 


pH = pK; + log (1) 


where pK’; is the negative logarithm of the apparent dissociation 
constant of the indicator at a given temperature, and paren- 
theses indicate concentrations. The pK’; is also dependent on 
the ionic environment (strength and specific ions present), a fact 
which, as shown by Sendroy and Hastings (8), accounts for the 
so called “salt error” of indicators. The ratio of the indicator 
forms may be determined either visually by color comparison 
against standard solutions or spectrophotometrically by ab- 
sorbancy measurements at one wave length, as in the method of 
Van Slyke et al. (6), or at two wave lengths, as in the methods of 
Rutledge (5) and Holmes (7). 

In the present method the concentration of the alkaline phenol 
redin the unknown is referred to the total indicator concentration, 
likewise in the alkaline form. From these two measurements at 
one wave length, 550 mu, the indicator ratio is calculated. 


*This study was reported in abstract form (1). 


EXPERIMENTAL PROCEDURE 


Reagents—Neutral mineral oil (Nujol) was used. A _ stock 
0.04% (1.13 mM) phenol red solution was composed of 
0.425 g of the sodium salt of phenol red dissolved in water to 1 
liter. A stock NaCl solution, 3.35 m, contained 195.8 g of NaCl 
per liter. For the stock 0.25 m solution of sodium naphthalene- 
B-sulfonate, 57.6 g of sodium naphthalene-G-sulfonate (Eastman 
Organic Chemicals) was dissoived in 1 liter of boiling water. 
Approximately 5 g of decolorizing carbon were added with mixing. 
The hot solution was filtered to remove all carbon particles. A 
stock NaF solution, 0.25 mM, contained 10.5 g of NaF per liter. 
Carbon dioxide-free water was used. The water should be 
freshly distilled from a dilute solution of potassium dichromate 
acidified with sulfuric acid. The redistilled water was boiled to 
remove carbon dioxide immediately before use. The indicator- 
diluent solution contained 0.134 m NaCl, 0.01 m NaF, 0.01 m 
sodium naphthalene-6-sulfonate, and 1.8 xk 10-5 m phenol red. 
It was prepared by diluting stock solutions of 10.0 ml of NaCl, 
10.0 ml of NaF, 10.0 ml of sodium naphthalene-@-sulfonate, and 
4.0 ml of phenol red to 250 ml with carbon dioxide-free water. 
Immediately before use, the pH of this solution was adjusted to 
7.4 to 7.6 by passing carbon dioxide-free air through the solution. 
When required, 0.01 m NaOH or 0.01 m HCl was carefully added. 
The diluent solution (without indicator) was prepared exactly 
as was the indicator-diluent solution above, except for the omis- 
sion of phenol red. The pH need not be adjusted. 

Apparatus—The present work was done with a Coleman 
junior spectrophotometer. Other spectrophotometers which 
utilize a test tube type cuvette and permit absorbancy measure- 
ments at 550 mu may be used. Matched test tubes were used 
as cuvettes in the spectrophotometer. Pyrex culture tubes 
(13 < 100 mm) are of a convenient size and require an adapter 
for proper placement in the spectrophotometer. Two automatic 
Krogh-type syringes adjusted to deliver 4.0 ml were arranged 
with three-way stopcocks for anaerobic serial delivery of equal 
volumes of the indicator-diluent solution and of the diluent 
solution without indicator. The water bath was regulated at 
38.5° and held a rack to contain the cuvettes. 

Procedure for Use with Plasma or Serum—The required number 
of tubes were prepared with approximately 1.5 ml of neutral 
mineral oil in each. For the unknowns, 4.0 ml of the indicator- 
diluent solution were placed under the oil. For each unknown 
sample, a blank tube was prepared with 4.0 ml of the diluent 
solution without indicator. From a 1-ml graduated Mohr 
pipette, 0.2 ml of serum or plasma was delivered under the min- 
eral oil into each blank and unknown tube. A reference solution 
was prepared to measure the total concentration of phenol red. 
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This solution contained 4.0 ml of indicator-diluent solution, 4.0 
ml of diluent solution without indicator, and 0.4 ml of approxi- 
mately 0.2 Mm NaOH. The total indicator concentration (com- 
pletely in the alkaline form) in this reference tube was exactly 
one-half that in the unknown samples. The contents of each 
tube (unknown, blank, and reference) were mixed by gentle 
vertical movement of a footed stirring rod. Care was taken to 
admit no air under the mineral oil, to dislodge oil droplets which 
adhered to the walls of the tube within the optical path, and to 
avoid cross-contamination with the stirring rods. All tubes were 
placed in the 38.5° water bath. Ten minutes were allowed for 
thermal equilibrium. 

The spectrophotometer was adjusted for measurements at 
550 my by setting the absorbancy of a tube containing diluent 
solution only, without indicator or serum, at zero. In sucession, 
tubes were then removed from the bath, wiped clean, and the 
absorbancy read in the spectrophotometer. Measurements were 
made when the temperature of the tube had reached 37°. This 
occurred between 30 and 50 seconds after the tube was removed 
from the bath at 38.5°. The absorbancy of each blank and un- 
known sample and of the reference solution was thus determined. 
Care was taken to check the zero setting of the spectrophotometer 
before each measurement. Duplicate analyses of each unknown 
sample should be performed when sufficient material is available. 
Only one blank tube was required for each unknown sample, and 
the measurement of the reference solution had to be performed 
only once for each lot of indicator-diluent solution employed. 

Procedure for Use with Whole Blood—The blank, unknown, and 
reference solutions were prepared exactly as described above, 
except that 0.2 ml of whole blood was substituted for 0.2 ml of 
plasma or serum. The contents of the tubes were mixed with 


- 


- 
1.0 = / - 

& 

° 
9 
S 
0.6 5 & 4 
a 

0.4} 

9 
6? 
< 
0.2 Ov 
0.5 1.0 1.5 2.0 


ALKALINE FORM OF PHENOL RED— (MX 10°) 


Fic. 1. Relationship of concentration of the alkaline form of 
phenol red to absorbancy measured with the Beckman and Cole- 
man junior spectrophotometers. 
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footed stirring rods as described. Before the absorbancy of the 
unknown samples and blanks could be measured it was necessary 
to centrifuge (for 5 minutes at about 600 x g) the blood cells to 
the bottom of the tube, below the optical path. Loss of CO, 
during centrifugation was prevented by the use of cork or rubber 
serum stoppers. Tubes were removed from the centrifuge and 
absorbancies measured at 37° as described above. 

Calculation—The absorbancy of the acid form of phenol red is 
negligible at 550 mu. Hence, absorbancies at this wave length, 
when corrected for the appropriate blank, are directly propor- 
tional to the concentration of the alkaline form of the indicator, 
Let the following symbols be used for the absorbancy measured 
when the spectrophotometer is adjusted to zero with the colorless 
diluent solution: 


A, = absorbancy of the blank (diluted serum, plasma, or blood) 

Aq = absorbancy of the diluted unknown serum, plasma, or 
blood sample 

Ar = absorbancy of the reference solution 


From the foregoing, the concentration of the alkaline form of 
phenol red in the unknown sample is proportional to the dif- 
ference, Ag — A». The total concentration of indicator is 
proportional to 24,. The concentration of the acid form of the 
indicator in the unknown sample is thus proportional to the dif- 
ference between the total indicator present and the amount in 
the alkaline form. Hence, the pH, of the unknown at 37° may 
be calculated from the value for pH. obtained from the equation: 


Aq — Ap 


in which pH, is the pH of the diluted sample of unknown, and 
pK’; is 7.58, the value determined spectrophotometrically for 
phenol red in 0.154 M NaCl at 37°.! 

The pH, of the original sample of plasma, serum, or whole 
blood, as measured by a glass electrode (pH,), becomes pro- 
gressively more alkaline on dilution with the indicator-diluent 
solution. This increase of pH will be shown to be quite constant 
at a given dilution and nearly independent of the species from 
which the sample was obtained. From these data it has been 
established that the pH of the undiluted sample is obtained by 
subtracting the constant correction, 0.13, from the pH,; 
v.e. pH, = pH. — 0.13. 


RESULTS 


Relation between Absorbancy and Concentration of Alkaline Form 
of Phenol Red—The final concentration of phenol red in the un- 
known tubes is approximately 1.7 X 10-5. To establish the 
relationship between absorbancy and concentration in the alka- 
line form as it increases to this value, graded concentrations of 
phenol red were prepared in 0.01 m NaOH, and the absorbancies 
determined at 25°. Measurements were made at 550 mug, in 
13-mm outside diameter tubes with a Coleman junior spectro- 
photometer, and at 560 my in 1-cm cells with a Beckman model 
DU spectrophotometer equipped with a photomultiplier attach- 
ment. Fig. 1 shows that absorbancy measurements with the 
Beckman apparatus adhere strictly to Beer’s law to at least 2 X 


10-5 m. With the Coleman junior spectrophotometer, a linear — 


relationship was obtained to a concentration of 1 X 10-5 Mm, above 
which a progressive decrease in molar absorbancy index occurred 


1 J. Sendroy, Jr., and F. L. Rodkey, unpublished data. 
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with serious deviation above 1.4 X 10-5 Mm.2. The reference solu- 
tion in the present method was therefore prepared to contain a 
total concentration of indicator one-half that in the unknowns, 
in order that the absorbancy might be read in a region in which 
a more accurate measurement of the total phenol red concentra- 
tion is obtained. Since the concentration of the alkaline form 
of phenol red in an unknown tube may be calculated to be ap- 
proximately 1.2 X 10-° mM at pH. = 8.0, Fig. 1 shows that pHa 
will rarely, if ever, be affected by the decrease in molar ab- 
sorbancy index. 

Effect of Temperature—When the absorbancy of the reference 
solution is measured at 550 to 560 my between 20 and 40°, there 
is detectable a slight decrease in A, of approximately 0.25% per 
degree of increase in temperature. This change in absorbancy of 
the alkaline phenol red makes it necessary to read the reference 
solution and the unknown at the same temperature. No effect 
of temperature was observed on the absorbancy of blank solu- 
tions for diluted serum, plasma, or blood. 

Standardization and pK’ of Phenol Red—The determination of 
pH from the ratio of alkaline to acid forms of the indicator 
measured visually or spectrophotometrically depends on the 
linear and fixed relationship expressed by Equation 1. This 
relationship is established for any given procedure by reference to 
buffer standards of known pH, and by the maintenance of a 
constant ionic composition in standards and unknowns, whereby 
pK’; at a given temperature is held unchanged. Under the 
conditions of the present method, pK’; of phenol red has been 
found to be 7.58 at 37°. However, the constancy and not the 
numerical value of pK’; is of importance, and the investigator 
would do well to determine this value for himself, with the par- 
ticular lot of indicator used, as described in a paper to be pub- 
lished.! 

Effect of Plasma and Serum Proteins—A large number of 
spectrophotometric pH measurements were made of samples of 
ox, dog, and human blood, plasma, and serum diluted 1:21 with 
0.154 m NaCl. In agreement with the work of Robinson and 
Hogden (9), the results showed a marked species-dependent 
variation in the interaction of phenol red with the serum proteins. 
Spectrophotometric pH, values of ox plasma and serum were 
from 0.02 to 0.12 unit lower than the results obtained by glass 
electrode measurement*® of the undiluted samples. Human 
plasma results were less variable and pHa values observed were 
reasonably close to, or only slightly more alkaline, than glass 


? This deviation from Beer’s law, likewise observed when meas- 
urements are made with a Klett-Summerson colorimeter equipped 
with a No. 54 filter, is a result of the wider wave length band of 
the incident light in these instruments as compared with that of 
the more accurate Beckman monochromator. 

3 Values of pH obtained by glass electrode (pH,) for the present 
study were obtained with a McInnes and Belcher type glass elec- 
trode assembly including silver-silver chloride and saturated 
KCl-calomel half-cells (10). Potentials were obtained with a 
Rubicon type B potentiometer in conjunction with a Leeds and 
Northrup thermionic amplifier and a suitably sensitive galvanom- 
eter. The electrode assemblies were continuously maintained at 
the desired temperature (25 and 37°) and were shown to have a 
linear response from pH 4 to 9 when tested with the standard 
potassium acid phthalate, phosphate, and borate buffers of 
Hitchcock and Taylor (11, 12). The electrodes were routinely 
standardized with 0.05 mM potassium acid phthalate, the pH of 
which was taken from the data of Hitchcock and Taylor to be 
4.010 at 25° and 4.024 at 37°. 


F. L. Rodkey 
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electrode (pH,) determinations. For dog blood, however, pH, 
values were considerably more alkaline than the pH, measure- 
ments. 

Such variation in results with species, pH, and protein con- 
centration would require an appropriate individual correction for 
each spectrophotometric (or colorimetric) determination. An 
alternative method is that of adding an anion to compete for the 
indicator binding sites on the protein molecule. Were it possible 
effectively to prevent the binding of phenol red, the pH of the 
diluted sample could be more accurately estimated by either 
visual or spectrophotometric methods. Furthermore, if the 
actual change in pH from the undiluted to the diluted state of 
the sample were similar for all species, the same correction could 
be used for all samples. For these reasons, several salts with 
nonbuffering anions for which serum albumin has a high affinity 
were tested. Sodium trichloroacetate and p-toluene sulfonate 
were found to inhibit protein binding of phenol red. However, 
their use was abandoned in favor of naphthalene-G-sulfonate, 
which has been shown by Klotz, Triwush, and Walker (13) to 
have a much greater affinity for bovine serum albumin than has 
p-toluene sulfonate. Underthe conditions of the present method, 
a concentration of 0.01 M naphthalene-8-sulfonate is sufficient to 
remove nearly all indicator binding, even when serum has twice 
its normal protein content. Sodium fluoride (0.01 m) has been 
added to prevent glycolysis when whole blood is analyzed. 

Fig. 2 shows the absorption curves of phenol red in 0.0888 m 
phosphate buffer at pH 7.66, and the same in the presence of ox 
serum (1 ml of serum diluted to 21 ml). The effect of 0.01 m 
sodium naphthalene-8-sulfonate on the latter is also shown. 
Glass electrode pH measurements of the three solutions varied 
by less than 0.01 pH. As reported by Robinson and Hogden 
(9), the absorbancy at 560 my is clearly decreased in the presence 
of serum. Equally striking, and not previously reported, is the 
concomitant tncrease in absorbancy at 430 mu, the peak for the 
acid form of phenol red. Addition of 0.01 mM naphthalene-- 
sulfonate eliminates both these effects. 

An ultrafiltrate was prepared from each of these solutions 
through 24/32 Visking sausage casing by slight modification of 
the method of Prasad and Flink (14). The absorption curves of 
the ultrafiltrates of the buffer solution, and the same in the 
presence of both serum and sulfonate, have almost identical 
relationships to the solutions from which they were prepared. 
Obviously, the phenol red in these parent solutions was present 
in the free form. On the other hand, as will be shown in a fol- 
lowing paper,‘ the decrease in absorbancy at 560 my of alkaline 
phenol red in the presence of ox serum alone, in the light of the 
still greater decrease in absorbancy of its ultrafiltrate, represents 
more than a simple conversion of the indicator from the free to 
the bound form. Results similar to those shown for ox serum in 
Fig. 2 have been obtained for human, dog, and rabbit serum. 

Effect of Calcium Concentration—There was sometimes ob- 
served a difference in results betaveen plasma and serum, appar- 
ently depending on the presence or absence of calcium. Further- 
more, plasma from oxalated blood yielded spectrophotometric 
pHa values relatively close to those determined by glass elec- 
trode, whereas plasma from the same blood treated with hep- 
arin, as shown in Table II, always gave pH. values more al- 


4 F. L. Rodkey, unpublished studies of the binding by bovine 
serum albumin of the acid and alkaline forms of phenol red. 
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Fig. 2. Absorption curves of 2.58 K 10-5 m phenol red in 0.0888 m phosphate buffer at pH 7.66. 
Curve 3,-with added 0.01 mM sodium naphthalene-8-sulfonate and ox serum as 


Curve 2, with added ox serum at a dilution of 1:21. 


Curve 1, unmodified solution. 


for Curve 2. Curves marked with circles (@) represent ultrafiltrates from the respective solutions. 


TABLE I 
Effect on pH of addition of calcium or oxalate to ox serum tn vitro 
Addition to serum 
Sample pHa* pH,* pHa — pHyg 
CaCle | 
Me 
1 10 7.53 7.24 0.29 
2 5 | 7.54 7.35 | 0.19 
3 3 | 7.53 7.39 | 0.14 
4 1 | 7.54 7.42 0.12 
5 ae 7.44 0.10 
6 7.53 7.45 0.08 
7 7.54 7.51 0.03 
8 ee 7.55 7.52 0.03 
9 | 10 7.56 7.53 0.03 
At 37”. 


kaline than pH,. This effect, previously suggested but not 
explained (2, 15, 16), was proved to depend on the calcium con- 
centration by the following experiment. Aliquots of a sample of 
serum from defibrinated ox blood were modified by anaerobic 
addition of calcium chloride or potassium oxalate while the serum 
protein concentration was kept constant. Table I shows that the 
(anaerobic) addition of calcium chloride to a given sample of 
separated serum in vitro causes a decrease in pH, which is pro- 
portional to the concentration of calcium added, whereas the 


opposite change is seen on addition of oxalate. The results may 
be explained by the release of protons when added calcium is 
partially converted to calcium proteinate. Addition of potas- 
sium oxalate to serum, however, removes calcium from preformed 
calcium proteinate (17), leaving the protein molecule more 
negatively charged, in a more alkaline state (18). Such effects 
were greatly reduced when comparative analyses (pH,) were 
performed on oxalated and heparinized whole blood. This result 
may be attributed to the higher buffering capacity of the erythro- 
cytes. 

Similarly, when pH, values are obtained by the use of the 
indicator-diluent solution (with or without a content of 0.01 M 
fluoride), the effect of the dilution practically reduces the sample 
in each determination to a nearly calcium-free state. The 
resultant difference of pH, from pH,, within the range of total 
serum calcium shown in Table I, is then mainly dependent on the 
calcium concentration of the original sample. Thus, in addition 
to a common small dilution effect of +0.03 (samples 7 to 9, 
Table I), increase in total serum calcium concentration produces 
a nearly linear increase in the difference between pH, and pH,. 
Further discussion and a consideration of practical results will 
show that for most samples, and especially for whole blood, the 
variation or change in pH, — pH,, as related to plasma or serum 
calcium concentration, will not be significant. 

Comparison of Glass Electrode and Spectrophotometric pH of 
Blood, Plasma, and Serum—A comparative summary of results 
of spectrophotometric (pH.) and glass electrode (pH,) measure- 
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ments (10) for various samples is given in Table II. The pH, of 
the samples measured, without dilution, was varied between 6.8 
and 8.3 for two species (ox and man) without observable change 
in the difference between pH, and pH,. The data indicate that 
when binding of phenol red by proteins is inhibited effectively, 
pHz is always more alkaline by an average difference of 0.13 + 
0.03 unit than the pH, of the undiluted sample. This is true for 
whole blood, serum, or plasma and the increase in pH, above 
pH, varies only slightly with species. Because of the variation 
in the nature and composition of such samples, a test of the 
statistical significance of the small variation in pHa — pH, ob- 
served for blood of different species, and for blood and serum or 
plasma of a given species, would be meaningless. Hemolysis 
should be avoided, although blood with 50 to 100 mg of hemo- 
globin per 100 ml of plasma may be used without observable 
change in either accuracy or precision. 


DISCUSSION 


For any colorimetric or spectrophotometric method for deter- 
mination of blood or plasma pH, in addition to the factors of 
temperature and ionic strength, the effects of dilution and of 
protein-indicator interaction must be evaluated, and controlled 
or eliminated. 

Hastings and Sendroy (4) showed that the colorimetric pH of a 
solution of NaCl-NaHCO3 was unchanged when diluted 1:21 
with 0.154 mM NaCl. On the other hand, Cullen (2) and Marrack 
and Thacker (19), by colorimetric and electrometric measure- 
ments, respectively, found that plasma and serum become more 
alkaline when so diluted. A smaller increase in electrometric pH 
was also observed by Winterstein and Fraenkel-Conrat (20) when 
whole blood was diluted 3- to 5-fold with 0.9% sodium chloride 
solution. The present experiments corroborate the alkaliniza- 
tion caused by dilution of blood, plasma, and serum from four 
species. Obviously the change in pH on dilution of a buffer 
mixture is greater when serum proteins are present. In addition 
to the resultant simple dilution effect, decreases in concentrations 
of other constituents also cause readjustments of calcium and 
protein relationships, leading to an increased alkalinity.’ It is 
possible that the extent of increase in pH may be slightly different 
when blood or plasma of other than the species studied is added 
to the indicator-diluent solution. 

The addition of serum proteins, especially albumin, to a buffer 
solution at constant pH containing phenol red causes a change in 
the color of the solution. This effect, reported by Marrack and 
Thacker (19), was shown to depend on the protein concentration. 
Spectrophotometric evidence for the decrease in absorbancy of 
phenol red at 560 mu at constant pH in the presence of serum, 
likewise correlated with the albumin concentration, was given by 
Robinson and Hogden (9). These changes in color and ab- 
sorbancy are undoubtedly partially responsible for the “‘protein 
error” of phenol red. At least two factors must be involved in 
this effect: the degree of binding of the indicator anions to protein, 
and the extent to which the absorbancy of the bound indicator 
differs from that of the free form. Studies by Klotz, Scatchard, 
Luck and others (21-26) indicate that binding of anions to pro- 
teins, and especially to serum albumin, is a common occurrence. 


‘Although the progressive decrease in total calcium concen- 
tration in a given sample shown in Table I was achieved in the 
presence of a constant protein concentration, the principle in- 
volved here is the same, namely, the increased dissociation of 
calcium proteinate and the resultant uptake of protons. 


TABLE II 


Comparison of spectrophotometric and glass electrode pH 
measurements of blood, plasma, and serum at 37° 


Sample | Species | | pHa — pH,’* 
| 

Blood (defibrinated)......... | Ox | 14 | 0.12 + 0.01 
Blood (heparinized)......... 0.13 + 0.02 
Blood (heparinized)......... Dog 8 0.16 + 0.01 
| Dog | 8 | 0.10 + 0.01 
Blood (defibrinated)......... | Rabbit {| 2 | 0.10 


* Mean values and their standard deviations. 


Indeed, there is competition for the binding sites on the protein 
when several anions are present (22). Ample evidence has been 
presented that only a fraction of phenol red in undiluted plasma 
is ultrafilterable (27-29). Marshall and Vickers (30) found that 
the amount of free phenol red in plasma depends on the species, 
the albumin concentration, and other factors. Both the acid 
and alkaline forms of phenol red are anions which may be and 
are bound to albumin, even when serum is diluted 1:21.4 

Agreement between colorimetric (or spectrophotometric) pH 
of the sample simply diluted with 0.154 m NaCl and the electro- 
metric pH of the same sample undiluted, may result from a 
cancelling in the former procedure, of two opposing effects (4-6). 
The sample actually becomes more alkaline by dilution, but the 
protein-indicator interaction makes the indicator appear to be 
more acid than is actually the case. The magnitude of both of 
these effects may depend on the individual sample, animal species, 
temperature, pH, and the concentrations of protein, of calcium, 
and of indicator, as well as other factors.® 

Addition of 0.01 m sodium naphthalene-G-sulfonate to the 
indicator-diluent solution almost completely inhibits the binding 
of phenol red by the serum proteins in the four species studied. 
Thus, the reliability of measurements of the pH of the diluted 
sample is increased in the absence of protein binding of the indi- 
cator. The possibility remains that naphthalene-8-sulfonate 
may be less effective in the presence of the serum albumin of 
other species not studied. 

The presence of 0.01 m NaF in the indicator-diluent solution is 
of importance only in that it prevents glycolytic acidification 
(for at least 24 hours at 23-25°) when whole blood samples are 
analyzed. On the other hand, it must be emphasized that the 
addition of oxalate as an anticoagulant to an original sample as 
drawn will actually change the true pH of that sample (Table I). 
Thus, because of the decalcification of the sample by an excess of 
this salt, any subsequent determination of its (undiluted) pH 
will err in the direction of alkalinity. However, in the case of the 
spectrophotometric pH, determined as described in this paper, 
the dilution (of H+ ions, protein, and total calcium) gives values 
reproducibly related to the original pH of the sample as drawn 
(Table II). The correction used should vary, on this account, 


6 The albumin binding of indicator, referred to as adsorption 
by Robinson and Hogden (9), explains at least part of the varia- 
tion of the ‘‘C’’ corrections of the Cullen (2) method with species, 
with protein concentration within a single species as reported by 
Robinson, Price, and Cullen (31), and with CO:z tension in a given 
sample of plasma as observed by Myers, et al. (15). 
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only within +0.01 pH for samples of calcium content within 
+20°% of normal for the species. 

In agreement with an advantage noted by Martin and Lepper 
(32), the use of whole blood effects economy of time and sample. 
The pH of such blood samples would be expected to differ from 
that of the corresponding plasma or serum because of analytical 
differences arising from the following phenomena: (a) tempera- 
ture changes on centrifugation and separation of cells from 
plasma, (6) possible increase in oxygenation of the cells (venous) 
on dilution, (c) increased dilution of plasma proteins when, as in 


the present method, sample size of blood or plasma is the same, 


and (d) the buffer effect of the cells. Apparently the summation 
of these factors varies with the species in such a way that no 
definite trend for change in pH, — pH, from that of the 
plasma can be either predicted or detected (Table II). 

It is apparent that the present dilution technique may be 
applied equally well to colorimetric readings, provided an ap- 
propriate pK’; value is used.!. When indicator-diluent solutions 
of samples used for obtaining pH. were analyzed by visual color- 
imetry against bicolor standards according to the method of 
Hastings and Sendroy (4), the results obtained for 14 samples of 
human blood were in close agreement (average difference +0.01 
pH) with the spectrophotometric values. 


SUMMARY 


A rapid, precise, and convenient spectrophotometric method 
for the determination of plasma, serum, or whole blood pH at 
37° is described. The method requires no standard solutions 
and a minimum of special apparatus. Duplicate analyses may 
be obtained with 0.6 ml of sample. The effect of protein-indi- 
cator binding, common to previous colorimetric and spectropho- 
tometric methods, is essentially eliminated by an indicator-dilyent 
solution containing 0.01 mM sodium naphthalene-@-sulfonate. 
The inhibition of such binding of phenol red permits accurate 
measurement of the ratio of alkaline to acid form of the in- 
dicator. Spectrophotometric determination of blood, plasma, 
and serum pH of man, dog, ox, and rabbit yielded values 0.13 
(+ 0.03) pH unit more alkaline than glass electrode measure- 
ments on the undiluted sample. Attention is called to the error 
caused by the change in pH of samples treated with oxalate. 
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Barcroft et al. (1) and Warburg (2) simultaneously suggested 
that the Gibbs-Donnan (3, 4) theory of membrane equilibrium 
be applied to the explanation of the effect of carbon dioxide and 
oxygen on the distribution of diffusible ions between red blood 
cells and plasma or serum. Strong experimental support for the 
quantitative clarification of the problem was given by the classi- 
eal work of Van Slyke, Wu, and McLean (5), who derived a basic 
equation describing “the approximate relationship between the 
distribution of the diffusible ions and the amount of alkali com- 
bined with non-diffusible substances (proteins) of the cells and 
serum.” 

The validity of their calculations and their applicability have, 
in the main, been confirmed by the work of following investi- 
gators (6-10) who have sought to provide improvements in 
theoretical and experimental treatment, whereby some quanti- 
tative inconsistencies in observed and calculated data could be 
reconciled. On the other hand, from a study of human blood 
data, Peters et al. (11) found that when the distributions of chlo- 
ride and combined CQO: between cells and plasma of oxygenated 
blood were altered, by varying the CO: tension, by adding chlo- 
ride or bicarbonate salts, water, or isotonic sucrose solution, the 
response was quantitatively not always according to theory, but 
seemed to depend on the way in which the ionic composition, and 
especially the pH, of the blood was changed. 

In an effort to explain or to eliminate these and other devia- 
tions from strict adherence of the data to Donnan’s law, further 
study, to secure experimental data requiring the minimum of 
assumptions for interpretation, seemed desirable. This paper is 
a report of such an investigation. 


EXPERIMENTAL PROCEDURE 


By the use of certain refinements of previous techniques and 
careful control of factors likely to affect the results, the distribu- 
tion coefficients for chloride, bicarbonate, and hydrogen ions in 
oxygenated and reduced human blood have been determined. 
The CO, tension has been varied throughout a range of pH from 
6.95 to 7.72; in other experiments, chloride and bicarbonate have 


been added to or removed from the blood. The effect of the. 


addition of sucrose has also been studied. 
Procedure—Defibrinated venous blood drawn from humans 
(mainly medical students) presumably in normal condition, was 


* Taken in part from a dissertation by Edward J. Fitzsimons, 
based on work done during his tenure as a Reuben M. Strong 
Fellow, and submitted to the Graduate School of Loyola Univer- 
sity in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy. 

t Present address, Northwestern University School of Medicine 
and Chicago Wesley Memorial Hospital, Chicago, Illinois. 


stored in a refrigerator overnight, or less frequently, used fresh. 
Samples were equilibrated in a water bath at 37° + 0.01°, with 
gas mixtures of air or hydrogen containing CO: within a range of 
desired tensions (15 to 100 mm), by the first saturation method 
of Austin et al. (12). In this work, however, the small vessel 
attached to the 300 cm* tonometer was an especially constructed 
centrifuge tube (Fig. 1) with a capacity of 45 ml, with an outlet 
and a capillary inlet tube. Two saturations of 30 minutes each, 
found sufficient to establish equilibrium in the system, were 
carried out, after which the blood was almost completely drained 
into the centrifuge tube and the gas and liquid-containing vessels 
were separated. 

By displacement with mercury passed through the capillary 
inlet, samples were taken for oxygen content and hematocrit 
readings. The two clamps were tightened and the centrifuge 
tube was quickly transferred from the water bath to a centrifuge 
regulated at 37°. After a 30-minute centrifugation, the tube 
was promptly returned to the water bath for the anaerobic sepa- 
ration and transfer of portions of cells and serum to individual 
small vessels over mercury (Fig. 1). Cells obtained in this man- 
ner contained 3% “trapped” serum for which correction was 
made in the calculations. For pH determination, approximately 
5 ml of cells were delivered to, and hemolyzed in, a vessel contain- 
ing 0.15 ml of 5% saponin. Contrary to the views of Peters et 
al. (11) no alteration in pH was caused by the presence of saponin. 
Another vessel, without saponin, received the remainder of the 
cells for COs, Cl, and H.O analyses. When fresh blood was used, 
this vessel contained NaF to make it 0.25“ in the cell sample. 

For experiments in which either chloride or bicarbonate con- 
centration was altered from normal, an aliquot portion of the 
serum from a fresh blood sample was removed. For high con- 
centrations, NaCl or Na2CO3 was added to this serum, in amount 
such that when the separated serum was returned to the re- 
mainder of the parent blood sample, the concentration of Cl or 
CO. in the serum was approximately twice that of normal. 
Likewise, for low concentrations of chloride or bicarbonate one- 
half of the serum of a blood sample was dialyzed against water. 
On reconstitution, the serum was returned to the remainder of 
the blood, with replacement of all electrolytes to normal, except 
that NaCl or NasCO3 was added in an amount to approximate a 
total electrolyte concentration of 160 meq per liter in the serum. 
Finally, 2 blood samples were altered by the dilution of the serum 
with an approximately equal volume of 10.2% sucrose solution. 
All treated blood samples were mixed and kept at 4° overnight 
before equilibration with gas. 

Methods—The pH and CO: content of the cells, the CO» ten- 
sion of the gas phase, and the oxygen content and hematocrit of 
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Fic. 1. Apparatus used for anaerobic separation of cells and 
serum. 


the whole blood were determined as soon after equilibration as 
possible, to minimize changes caused by residual glycolysis. 

Without change of temperature, the pH of the hemolyzed cells 
(and later, that of the serum) was measured potentiometrically 
at 37° by means of a MacInnes and Belcher type glass electrode 
(13) with a Leeds and Northrup Thermionic Amplifier and a 
suitable galvanometer. For standardization, 0.05 mM potassium 
acid phthalate (pH 4.023 at 37° (14)) and phosphate buffer (pH 
7.366 at 37° (15)) were used. The pH of the cells was measured 
again after 4 hours for the extrapolated calculation of the ‘“‘zero 
time’ value. ‘Zero time”’ was arbitrarily set at 15 minutes after 
centrifugation had started. Because the rate of change in pH 
of cells from 1-day-old blood was small (about —0.015 unit per 
hour) and fairly constant, error in extrapolation owing to an 
incorrectly approximated ‘‘zero time” was negligible. However, 
the rate of change of cells from fresh blood was relatively large, 
of the order of —0.040 pH per hour, and varied erratically with 
time so that an extrapolated value was unreliable. 

The total CO. content of weighed (to avoid drainage errors) 
samples of serum and cells was determined by the method of 
Van Slyke and Neill (16), with the factors of Van Slyke and 
Sendroy (17). COs in the gas phase was determined by the 
Van Slyke and Sendroy absorption method (18) for higher (40 
to 100 mm) tensions and by the isolation method of Van Slyke, 
Sendroy, and Liu (19) for lower (15 to 25 mm) tensions. Dis- 
solved COz2 (as HeCQ3) was calculated with the solubility coefh- 
cients of Van Slyke, Sendroy, Hastings, and Neill (20), corrected 
to 37° (a = 0.522 and 0.450, for serum and cells, respectively). 
The per cent oxygen saturation of the equilibrated blood was 
determined from the oxygen content by the method of Van Slyke 
and Neill (16) and the oxygen capacity by the Sendroy technique 
(21), both of which were corrected for dissolved oxygen by the 
solubility coefficients of Sendroy, Dillon, and Van Slyke (22). 

The Sunderman and Williams modification (23) of Van Slyke’s 
method (24) was used for chloride analysis of weighed cell and 
serum samples with occasional checks of the latter according to 
Sendroy (25). Electrolyte concentrations found as millimole 
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per kg sample, were converted to millimole per kg of H.O, from 
values for per cent of water by weight. This was determined 
from the loss in weight after drying overnight at 110°, of weighed 
samples (approximately 1 g) applied to 2 pieces of dried 9-cm 
filter paper. Packed cell volume was determined by centrifuga- 
tion to constant reading in Wintrobe tubes at 2500 r.p.m. 


RESULTS 


The results of the experimental work are shown graphically 
in Figs. 2 and 3, in the form of distribution ratios r plotted against 
serum pH, for hydrogen ion activity (aH,+/aH.+), and for the 
ion concentrations, in terms of millimole per kg H.O of the sam- 
ple, of chloride, and of bicarbonate (r as shown in Col. 3, Table 
I; subscripts . and , refer to cells and serum, respectively). 

For the ratio r Cl-, serum chloride values were corrected for 
the binding of 4 ions per molecule albumin at pH 7.4 (26), by 
the subtraction (for undiluted serum) of 2.5 meq Cl- from the 
analyzed total values. The resultant increase in r Cl- was 0.009 
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Fic. 2 (left). Variation of r values with pH, for oxygenated 
(--- ©) and reduced (—— @) 1-day-old blood. Points for cor- 
responding fresh samples are marked X, and +, respectively. 

Fic. 3 (right). Variation of r values with pH, for oxygenated 
(1-day-old) blood with chloride added (™), or withdrawn (QD), 
and bicarbonate increased (4), or withdrawn (A). Lines (- - -) 
are those for normal blood taken from Fig. 2. 
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to 0.019. The bicarbonate ion ratios are reported in terms of 
three related but distinct quantities derived from the measure- 
ments of total COz2, dissolved COz, or both, as follows. (a) The 
ratio r HCO;- was obtained from bicarbonate ion concentrations 


for cells and serum calculated by subtracting from the analyzed 
total CO concentration, the sum of the analyzed dissolved CO: 
(as H2COs) and the calculated carbamate concentrations. The 
concentrations of carbamino compounds in cells and serum were 
calculated by the equations of Stadie and O’Brien (27) from the 


total bound carbon dioxide (CO) and from other necessary data 
according to the equations of Van Slyke, Hastings, Hiller, and 
Sendroy (28) and of Dill, Edwards, and Consolazio (9). Thus, 


forr HCO;3-, [HCO37|.,; 
= [total — [H2CO; + RNHCOO|.,, 


(1) 


(b) } For the ratio r HCO;- , cell bicarbonate ion concentration 
(HCOs-]. was calculated according to the Henderson-Hasselbalch 
equation, from the analyzed cell pH and CO; tension, with the 
assumption of a “thermodynamic”’ pK’ value of carbonic acid in 
cells based on ionic strength only, namely 6.11.1 Serum bicar- 
bonate was corrected for carbamate as for (a) above. Thus, 


for r HCO;-, [HCO;37]. = [H2CO3]. X antilog (pH. — pK.’) 
and [HCO;7-], = [HCO37], as for (a) above (Eq. 1) 


(2) 


(c) For the ratio r COz, as in earlier work (5-9), cell and serum 


bicarbonate were calculated as the total bound CO2 (CO2), from 
the difference between the total and dissolved COs concentra- 
tions. Thus, 


forr CO2, = [total — [H2COsles = (3) 


Inasmuch as chloride and bicarbonate were analytically deter” 
mined as molecular species, their necessarily formal identification 
as ions is made with some reservation. However, they may ten- 
tatively be regarded as such, to the extent that ionic material is 
actually represented by total values corrected in the light of 
present knowledge, and until such time as actual ion concentra- 
tions (or activities) may be directly determined by analysis. 
In Fig. 2, the straight lines for r values for oxygenated and re- 
duced 1-day-old blood have been obtained by least square treat- 
ment and are described, for the range of pH, studied, by the 
equations given in Table I. Comparable data for fresh, actively 
glycolyzing blood are also shown in Fig. 2, although not used in 
the determination of the mean distribution (r versus pH,) lines. 
Moreover, owing to the difficulty of obtaining sufficiently accu- 
rate pH measurements for rapidly glycolyzing blood equilibrated 
as described, values of r aH+ for fresh blood are not included. 
Because of their dependency on the same pH determination, 


values of r HCO3~ for the fresh samples have also been omitted 


'N.B. The data of Hastings and Sendroy (29), from which they 
derived the relationship, pK,’ = 6.33 — 0.5 Vu at 38°, require 
revision. Since the time of their publication, the calculations for 
gasometric CO: analysis have been corrected by a factor of 1.009 
(17), and more appropriate CO: solubility coefficients have been 
obtained (20). The recalculated data, treated by the method of 
least squares, lead to the relationship, pK,’ = 6.316 — 0.512 Vu 
at 38°. At 37°, pK, (=6.316) becomes 6.318, which compares well 
with values subsequently obtained by other methods in the labora- 
tories of MacInnes, and of Harned: 6.319 (30), 6.302 (31), and 6.304 
(32). With » = 0.17 for cells (6), the assumed value of 6.107 is 


obtained for pK,’ at 37°. 
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TABLE I 

Comparison of electrolyte distribution ratios for human blood 
| | rat 
<£ « r | Equation for regression line | pHs 
7 = | 7.4 
Ss | 
Z Nn | 
| 
19 |O aH,*/aH.* = 3.883 — 0.440 pH, 0.627 
11;R = 3.338 — 0.364 pH, 0.644 
22 |O [(Cl-]./[Cl“!. r = 3.208 — 0.344 pH, 0.662 
14/R = 3.337 — 0.354 pH, 0.717 
19 |O |s r = 5.105 — 0.606 pH, 0.621 
10 R = 4.114 — 0.472 pH, 0.621 
22/0, r = 4.163 — 0.471 pH, 0.678 
14/R = 4.600 — 0.529 pH, 0.685 
22/0} [COsle/[COrls r = 3.650 — 0.393 pH, 0.742 
14 +R = 3.363 — 0.344 pH, 0.814 

*O = Oxygenated, R = reduced. 


from the plot of Fig. 2. The deviations from normal distribution, 
resulting from change in composition of the blood other than 
that of its CO. tension, are shown in Fig. 3. Essential data for 
these samples saturated with air containing CO» at 40 mm ten- 
sion, are given in Table II, to indicate the direction and extent 
of change from control samples. 


DISCUSSION 


The data of this paper, based to a larger extent than those of 
previous workers, on direct analyses of both serum and cells, 
indicate good agreement among the distribution ratios, with rela- 
tively small variations in the slope of the r versus pH, lines. The 
span of normal oxygenated and reduced values (Fig. 2 and Table 


I) at pH, 7.4 for r (excepting those for CO.), varies from 0.62 
to 0.72. 

H* Ion Distribution—The nearest approach to ion activity 
values is given by the glass electrode pH determinations. These 
show a mean for r aH* at pH, 7.4, of 0.627 and 0.644, for oxy- 
genated and reduced samples, respectively. However, contrary 
to theory, the aH* ratio lines cross, so that the value for reduced 
blood is less than that for the oxygenated sample in the acid 
range. A similar result (r aH*+ = 0.62 for both oxygenated and 
reduced human blood at pH, 7.4) was obtained by Dill et al. 
(9), who calculated cell pH values from total COs, the COz2 ten- 
sion and an assumed pK.’ value. Their distribution lines for 
hydrogen ion activity ratios are in very good agreement with 
those shown in Fig. 2. 

Chloride Distribution—On the other hand, the r Cl- lines, at 
a higher level than, but with slopes nearly the same as, those 
for r aH*+, show a clear separation of the (higher) reduced from 
oxygenated ratios. The r Cl- lines have a lower slope than, and 


are at a level midway between, the “thermodynamic” r HCO;- 
and the carbamino-corrected r HCO;~ lines. These chloride 


ratios are not those of Cl- ion activities or concentrations, but 
simply of total chloride found by analysis. Nevertheless, they 
approximate the relationships of the ions, can be obtained wholly 
by direct analysis, and are least affected by metabolic reactions 
(see below). These features make r Cl- values best suited for 
the purpose of comparing blood distribution ratios. By direct 
analysis of serum and cells, the following values have been re- 
ported for r Cl- at pH, 7.4 in human blood: 0.678 and 0.728 for 
oxygenated and reduced samples, respectively, in vitro (9), and 
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Distribution of electrolytes in blood with altered concentrations of chloride, bicarbonate, or both 
(equilibrated with 40 mm of COz in air at 37°) 


pH, Hemoglobin Cell volume Cell H20 Serum (Cle | 


[HCO], | [HCOs}, 


mmoles 


mmoles / 


mmoles/ 


mmoles / 


Sample No. pHs 
mmoles/ | 
| liter blood | 
Low bicarbonate 7.318 7.146 | 8.64 | 
7.048 8.64 
52° 7.178 7.045 8.68 
15C 7.286 7.116 9.26 
51° 7.160 7.032 | 9.26 
Low chloride 16C 7.294 7.121 | 9.76 
53° 7.678 7.432 9.76 
7 . 266 7.102 8.57 
7.718 7.455 8.57 
| §5* 7.691 7.445 8.68 
High bicarbonate | 7.061 7.76 
| 56* 7.432 7.203 7.76 
| 57 | 7.569 7.306 7.20 
| 58 | 7.538 7.287 7.20 
| 
| @O | 7.270 | 7.132 | 8.80 
| 61 7.126 8.80 
Isotonic sucrose solution | 62 | 7.069 7.114 | 5.58 
added | 63 | 7.098 7.119 | 5.58 


% % wh To wt ke H kg H2O kg H:O kg HO 
46.4 65.7 91.3 76.5 110.0 13.58 18.93 
47.6 | 66.3 91.8 88.5 122.3 9.84 12.90 
48.3 | 64.9 91.8 92.3 127.4 12.52 15.68 
48.7 | 66.4 91.4 78.3 108.2 13.85 18.82 
48.8 | 65.4 91.9 91.9 124.3 11.53 14.51 

51.5 65.0 90.6 73.7 | 103.5 | 15.33 | 20.89 
49.3 64.5 91.4 42.3 72.2 26 .03 50.70 
47.0 65.6 91.8 75.5 110.5 15.51 20.34 
45.2 66.0 92.5 42.6 72.5 26.12 48.06 
45.8 66.1 91.8 46.0 76.1 23.47 43.98 
38.8 65.1 90.6 69.3 101.4 16.41 21.90 
35.9 63.3 90.8 64.7 103.0 21.44 34.78 
37.5 64.8 91.8 65.8 107.3 19.28 32.86 
37.9 64.8 91.8 64.4 106.9 19.55 32.53 
37.6 68.0 92.1 77.8 107.7 14.61 18.57 
31.4 62.4 92.4 126.4 179.2 14.24 18.48 
42.2 59.9 92.0 118.2 172.7 15.05 20.36 
42.1 60.2 91.7 119.7 174.7 | 14.81 20 . 25 
| 
27.5 62.0 91.5 68.5 58.3. 15.13 12.36 
27.5 61.9 91.5 68.0 58.1 15.28 12.47 


* Sample controlled by immediately preceding C sample. 


0.688 (7) and 0.690 (33) for the oxygenated, in vivo. . These 
values are in substantial agreement with those (in vitro) given 
in Table I. Over a span of pH, values, the results for r Cl- 
shown in Fig. 2 are in good agreement with those of Dill et al. 
(9). 

Bicarbonate Distribution—The ratios r HCO3~ and r HCO3- 


are likewise only an approximation to relationships of ion con- 
centration or activity. The improvement resulting from the 
correction for carbamate is shown in the difference in level be- 


tween the r HCO;- and r CO; lines, the former (for r HCO;~> and 
r HCO;-) now being located in the general area of the r Cl- 
lines, in contrast to the more remote value for bicarbonate cal- 
culated as total bound CO». In the calculation of the ‘“‘thermo- 
dynamic”’ value for [HCO3~], there is lacking the incorporation 
of a factor accounting for a possible environmental dielectric 
effect on pK’ of carbonic acid within the red cell. Nevertheless, 


r HCO;> distribution lines are in good agreement with the slope 
and level of r @aH* lines. The analytical determination of car- 
bamate is difficult, and any correction for it (based on work with 
hemoglobin solutions) is subject to considerable error. Never- 
theless, the slopes of the two r HCO;~ lines are approximately 
the same. On the other hand, values for cell bicarbonate (and 
r HCO;-) calculated by carbamate correction, are consistently 


higher than those found by ‘“‘thermodynamic”’ calculation. This 
is in agreement with the work of Margaria (34) and his co-work- 
ers who found, especially at pH <7.1, evidence of a form of CO. 
bound by hemoglobin, other than a carbamino compound. 


Both ratios, r HCO3;~- and r HCO;-, show intersecting lines for 
oxygenated and reduced blood, as found for raH*+. The r CO» 


lines, representing the bicarbonate as total bound COs, without 
correction for carbamate, are of interest mainly for purposes of 
comparison with past work, and because, like the r Cl~ values, 
they show, in accordance with theory, the maintenance of a 
level, throughout the pH, range of interest, higher for reduced 
than for oxygenated blood. 

Although r Cl- and r HCO;> values can be viewed only as an 
approach to Cl- and HCQ>;°- ion activity or concentration ratios, 
the extent of their deviation from r for measured @H* values 
may be taken as an indication of ion activity coefficient variation. 
Under these conditions, at the same degree of oxygenation or 
reduction, at pH, 7.4 the ratios (Table I) bear the relationship. 


[HCOs;" |. 
[HCO;"]. 


aH*,. 


[C17]. 


0.93 


= 0.92 


[COs]. 


[HCOs"]. 


This is in agreement with a recalculation (10) of the ratios of 
Van Slyke, Hastings, Murray, and Sendroy (6) for horse blood.? 

Effect of Metabolism—Metabolic processes, related to glycoly- 
sis, with the exchange of sodium and potassium ions, and dephos- 
phorylation with liberation of inorganic phosphate at acid pH, 
may be expected to affect the distribution of ions across the red 
cell membrane. This has been shown by Harris (36) to be the 
case in respect to cation distribution. Anion distribution, on 


2 In a recent preliminary communication in which no details or 
actual ratios are given, Deane (35), reports a study of 6 samples 
of human blood for which the mean carbamate-corrected ratio 
(r HCO;-) is 0.95 r Cl- (pH, not stated). 
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the other hand, would be affected only by change in pH, and to 
a much smaller extent, by change in total base (cation) and total 
nondiffusible anion concentration of the cells. 

In two autoglycolysis experiments, admittedly not well con- 
trolled, Peters et al. (11) found significant deviations from the 


normal effect of pH on r Cl- and r CO>s. Harris and Maizels 
(37), however, found r Cl~ values for highly diluted cell suspen- 
sions stored in the cold, to be somewhat higher than for fresh 
samples. Nevertheless, they could not attribute the chloride 
distribution to a dependence on the state of metabolism of the 
red cells. In Fig. 2 of the present work, results are also shown 
for fresh blood, in which glycolysis was presumably active. Al- 
though agreement is only fair in the alkaline pH, range, r Cl-, 
r HCO3-, and r CO: values for fresh blood fall essentially on the 
lines for 1-day-old blood, which has lost most of its glycolytic 
activity (38). The weight of evidence supports the view implicit 
in the development of Van Slyke et al. (5), that chloride distribu- 
tion is governed by purely physical forces. 

Effect of Experimental Alteration of Serum Chloride or Bicar- 
bonate on Distribution—From a compilation of results for normal 
blood in vivo, partly directly determined and partly calculated, 
Peters et al. (11) obtained for “the best line describing the dis- 
tribution of the points,’’ one which related 1/r linearly to pHs. 
From a difference in change of 1/r Cl- with pH, as compared 


with the change of 1/r CO,, they concluded that the addition 


of bicarbonate affected 1/r Cl- far less than 1/r CQ-2 in any given 
treated sample. On the other hand, they claimed that the addi- 


tion of chloride affected 1/r Cl- more than it did 1/r CQx. 

The view that ion distribution between the red cell and its 
plasma is determined not solely by the variation in pH,, but also 
by the manner in which the pH is altered, bears consideration 
in the light of several facts. In the first place, although theoreti- 
cal r values are not strictly linearly related to pH, (5) they have, 
within the ranges studied, been found to be so, empirically. 
That being the case, it would be impossible, mathematically and 
experimentally, to find that the same data would yield a linear 
relationship of pH, with the reciprocal 1/r values, at least, with 
any comparable degree of reliability. This alone would make 
any comparison of such ratio changes questionable, aside from 


the fact that r CO; values, as is now recognized, are only dis- 
tantly related to HCO;- ion ratios. Secondly, the values con- 
sidered were indirectly obtained from blood, plasma, and cell 
volume analyses, whereas pH, was calculated by the use of an 
assumed pK,’ (11). 

The results of the present work (shown in Fig. 3) in which 
chloride and bicarbonate were both added to, and removed from, 
normal oxygenated blood in experiments in vitro, indicate a close 
clustering of points about the line for the mean of normal results 
obtained by change of CO: tension only. Where the points for 
any r value follow a slightly different slope, the slopes of the 
lines for r with changing concentration of chloride are similar to 
those with changing concentration of bicarbonate. Ratios of 
pathological blood samples found in vivo by Hastings, Sendroy, 
McIntosh, and Van Slyke (7), which are fairly well confirmed 
by the data of Platts and Greaves (33), show a clustering about 
the r Cl- (oxygenated) line in vitro (Fig. 2) in conformity with 
the view that r values for blood are dependent mainly on pH,, 
regardless of the type of acid-base balance disturbance. 

Cursory examination of Table II shows that addition of NaCl 
to blood caused a transfer of chloride from serum to cells and a 
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shift of bicarbonate and water in the opposite direction, with no 
effect on pH,. Addition of Na2CO; gave rise to a transfer of 
bicarbonate from serum to cells, and of chloride and water in 
the opposite direction, with an increase in pH,. Although the 
results are in accord with theory and previous work, a more 
detailed study of the data is of interest. 

Calculation of Ion Transfer after Alteration of Serum Electro- 
lyte—A quantitative estimate of electrolyte transfer between the 
cells and serum, as a result of salt addition, is obtained from a 
comparison of the concentrations observed before and after 
treatment, with those obtained from calculations accounting for 
the effect of transfer of water only, on the assumption that no 
electrolyte entered or left the cell. Thus, the cells of Sample 12C 
(Table II), which held 77.8 meq Cl- per kg H.O, and 68.8% by 
weight of H2O, upon addition of NaCl to the blood were found to 
contain (as Sample 59) 126.4 meq Cl- per kg H.O. By caleula- 
tion, however, as a result of the water shift, there should have 
been a concentration of cell Cl- ion given by 77.8 x 68/62.4 x 
37.6/32 = 99.6 meq Cl- per kg H.O.* Thus, chloride passed 
from serum to cells to the extent of 26.8 meq Cl- per kg H.O of 
the cells. Likewise, HCO; concentration initially as 14.61 


mmoles HCO;~ (or 16.00 mmoles CO:2) per kg H2O would, by 
calculation, have changed to 18.47 for HCO3;7- (or 20.48 for CO,). 
The value found after treatment, 7.e. 14.24 for HCO;~ (or 15.84 


for CO:), indicates passage from cells to serum, of HCO;- in 
the amount of 4.23 (or 4.64) meq per kg HO of the cells. From 
these changes, the net gain by the cells would have been 22.4 
meq per kg H.O of anion. With no significant pH change on 
either side of the cell membrane, this result lends itself to the 
interpretation that about 22 meq per kg H.O entered the cells 
as NaCl. A similar calculation for Samples 13C and 56, shows 
a loss of 10.2 meq per kg H:0 as chloride and a gain of 5.00 meq 
per kg H:O as bicarbonate, by the cells. The net loss of 5.2 
meq per kg H.O as anion may represent a transfer of KCl to the 
serum. The net balances obtained by these calculations are 
well outside the over-all analytical limiting error of less than 1%, 
v.e. in the weighing of samples and water content, and the analy- 
ses for chloride and COs. 

The foregoing conclusions are contrary to the tenet (indeed, 
one on which the validity of the Gibbs-Donnan principle for 
blood is partly based) that there is no transfer of cation across 
the membrane of “resting” red blood cells. In experiments on 
blood containing added electrolytes, others, particularly Peters’ 
group (11, 39-41), have, in the main, upheld this view. How- 
ever, they (41), and more so others (42-44), have adduced evi- 
dence to indicate the possibility of cation transfer in abnormal 
blood, t.e. when the serum is sufficiently changed in amount or 
composition. Such is certainly the case for the added salt and 
the sucrose experiments (Table II). The factor of time in the 


3 For any sample of cells, (meq/kg HO) X (wt fraction H.O) = 
meq/kg wet sample, and (meq/kg solid) X (wt fraction solid) = 
meq/kg wet sample. With initial and final values denoted by 
subscripts (;) and (2), respectively, under the condition that only 
water is transferred, the amount of electrolyte per unit dry sample 
(solid) will be the same in the initial and final sample, or (meq/kg 
solid); = (meq/kg solid)». From this, it follows that the concen- 
tration of the electrolyte in the changed (wet) sample is related 
to that in the initial (wet) sample, according to the equation: 


(meq/kg H:O)2 = (meq/kg H:20), 


(wt fraction H.O); X (wt fraction solid), 
(wt fraction HO). X (wt fraction solid); 
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attainment of equilibrium (45) may account for the present re- 
sults, which were obtained after exposure of the cells to the 
changed external environment for almost 24 hours. However, 
during that time, the cell membrane may have sustained change 
or damage altering its properties (45). In any case, whatever 
may be the explanation, as is apparent from Fig. 3 and Table IT, 
the resultant of all changes in the external medium and the mem- 
brane would seem to have no effect on the operation of the 
Gibbs-Donnan principle governing the transfer of anions. 

Effect of Serum Dilution by Isotonic Sucrose Solution—The 
sucrose experiments vielded results resembling those obtained 
by Peters et al. (11), who, however, failed to find a true redis- 
tribution of either chloride or total CO: in response to the dilu- 
tion of the serum constituents and a concomitant decrease in 
pH,; they concluded that the results were not in accordance with 
the Gibbs-Donnan principle. The present results (Samples 62 
and 63, Table II) shed further light on the matter. 

Simple dilution of the serum to double its volume with isotonic 
sucrose, which does not penetrate the cells, would lead to the 
following changes. Although no controls were available for the 
sucrose experiments, Sample 14C may be taken as the closest 
approximation to such. With a halving of the serum total 
electrolyte and bicarbonate ion concentrations, there would be 
an increase in pK’ (29)! of 0.06 and a decrease in log ({HCO;-]/ 
[H2CO3]) of 0.30, to give a net change in pH, according to the 
Henderson-Hasselbalech equation, of —0.24.4 Thus, the pH, 
(initially 7.32) of the sucrose-diluted normal blood sample 
equilibrated with 40 mm of CO: in air would become 7.08. 
With pH. = 7.11, the calculated value for raH* would be 1.095. 
The mean pH, of 7.08 found for Samples 62 and 63, with result- 
ant mean r aH* of 1.08, is indicative of a simple serum dilution 
effect. (The small change in pH, from 7.146 to 7.117 is-that 
which would result from the observed transfer of bicarbonate 
from cells to serum noted below.) 

Mean initial values of 110 and 75 meq Cl- per kg H.O for serum 
and cells, respectively, and 65% by weight of cell water, may be 
assumed for the normal, undiluted samples. From a comparison 
of calculated and observed values similar to that made for the 
added salt experiments, there is obtained an estimated loss of 
21.5 meq Cl- per kg H.O (or 23.9%) by the cells. When the 
weights of water and sucrose added to the serum are taken into 
account, a calculated and observed equivalent excess, or gain of 
11.7% chloride is found for the diluted serum. Similarly, on the 
assumption of a mean initial value of 13.58 meq HCO>- (or 15.21 
meq CO.) per kg H20 of the cells, calculated and observed values 
after addition of 10.2°% sucrose solution indicate a mean loss of 
0.75 meq HCO;- per kg HO by the cells of Samples 62 and 63. 
With but a small change in pH., and the change in pH, simply a 
dilution effect, there is an indicated net loss of anion by the cells 
of about 22 meq per kg H.O. The Cl- and HCOQO;- ions may 
leave the cell in company with K+ ions. Such a transfer has 
been found by others when cells are suspended in nonelectrolyte 
sucrose (42), but is contrary to the results obtained by Peters’ 
group (11, 41). 

The interpretation that the Gibbs-Donnan principle is violated 
because the r values for blood isotonically diluted with sucrose 


4 We are indebted to Mr. J. D. O’Neal and Mr. H. A. Collison 
for the determination of the Bunsen solubility coefficient of CO» 
in isotonic sucrose (310 mM) solution. At 37°, values of a = 0.540, 
and ao = 0.573 were found. Thus, sucrose has little effect on 
CO+- solubility, since water ao = 0.560 and serum ao = 0.566 (20). 
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do not bear the same relationship to pH, as do those of normal 
samples (11), must be denied. Such a fixed relationship exists 
in a system in which the nature and concentration of nondiffusible 
molecules and ions on both sides of the membrane are unchanged, 
although there may be a variation in the total content of diffus- 
ible ions among the samples of that system (Figs. 2 and 3), 
There are constraints on ion movement and, hence, on the final 
concentrations at equilibrium, which are determined in large 
part by the nondiffusible solutes of the system. As the concen- 
tration and kind of nondiffusible and/or diffusible solutes varies 
in a fluid, movement of ions will be determined not by the simple 
laws of diffusion but by the Gibbs-Donnan requirement that the 
distribution of diffusible ions (for blood, at any given pH) be 
such that the ratios of the ton activities are equal, or that the ratios 
of the concentrations are maintained in constant relationship to each 
other. From Fig. 2, the relationships of r values for oxygenated 
blood at pH, 7.08 are: raH+ = 0.99 r Cl- = 0.92 r HCO;- = 
0.94 r HCO;-. The corresponding relationships for the sucrose 
experiment show r aH+ = 0.92 r Cl- = 0.88 rHCO;- = 0.94 r 
HCO;-.° 


outside the membrane would be that all ion constituents would 


be equally diluted, so that anion r values would be approximately | 


doubled; the relationships among the r values of the different 
ions would remain unchanged. However, the permanency of 
such a state would require an impermeability of the membrane to 
ions previously diffusible (11). The present results indicate that 


although the change in pH, on addition of sucrose solution is | 


simply a serum dilution effect, such is not the case for the dif- 
fusible ions, in that they show movement in marked response to 
change, in pH, and in concentration gradient, so that r relation- 
ships are, nevertheless maintained constant among the several 
ions. 


SUMMARY 


1. The distribution of H* ion, chloride, bicarbonate, and water, 
between serum and cells of oxygenated and reduced human blood 
at 37°, in the pH range of 6.9 to 7.7, has been studied. 


2. The data obtained by the use of more and improved direct 


methods of analysis, with revised constants available for calcu- 
lation, indicate a closer relationship among the distribution 
ratios, r, for their variation with serum pH. Thus, at 


am, 
pH, 7.4, r = 0.92 [HCO37]s 
= 1,92 He | 
[HCO;"]. 


where aH* represents hydrogen ion activity determined by glass 
electrode, and HCO;-, HCO3-, and represent, respectively, 


bicarbonate ion concentration calculated from total COs, by 


correction for carbamate, by the use of a “thermodynamic” — 


dissociation constant, and by the previously customary use of 
total bound COs>. 


3. The change of r values with pH, has been found to be inde- | 


pendent of the metabolic state of the cells. 


4. The relationships of + values with pH, obtained for normal _ 


‘> Deane (35) states that for 4 samples of blood diluted (7:10) 
with isotonic sucrose solution, mean r HCO;- was 0.96 r Cl- (pH: 


not given).? 


The immediaté effect of dilution confined to the serum | 
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untreated samples, was not significantly changed by experimental] 
alteration (addition or withdrawal) of blood chloride and/or 
bicarbonate concentrations. Thus, acid-base balance changes 
affect blood electrolyte distribution independently of the manner 
in which the pH change is effected. 


5. Suspension of cells in serum diluted (1:1) with isotonic 


sucrose solution gave r values at the higher levels expected. 
Measurements of chloride and water were indicative of a transfer 
response such as to maintain the normal relationship among 
r aHt, r Cl-, and r HCO;- values at the pH of the external 
medium. 


6. The conclusion is drawn that as the data are improved, they 


increasingly uphold the validity of the Gibbs-Donnan principle 
applied by Van Slyke, Wu, and McLean, as governing the rela- 
tive distribution of H+, Cl-, and HCO3;~ ions between cells and 
serum, even under conditions varying widely from normal. 
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It has been demonstrated that fasting or an alteration in 
diet has a profound effect on the composition of the liver (1-9) 
and other organs (10). It is previously believed that under 
catabolic conditions there was uniform destruction of liver pro- 
tein (4), but later studies have demonstrated variable changes 
in hepatic enzyme constitution: (11-15), and even increase in 
certain enzymes (13-16), during catabolism. It has also been 
reported that a dietary deficiency of certain amino acids produces 
variable effects on hepatic enzyme contents (11, 17). The 
changes observed in enzyme activities under deficient diets can 
in some cases also be accounted for by a decrease in the level of 
cofactors (18-21). Therefore, it seemed of interest to determine 
whether in the process of protein anabolism some enzymes are 
synthesized selectively. 

Our studies have been concerned with changes in effective 
enzyme concentration in the rat liver during periods of catabelic 
and anabolic change. The present communication is devoted 
to hepatic changes observed during fasting followed by repletion 
with (a) an adequate diet containing casein as source of protein, 
or (6) a diet substituting the incomplete protein zein for casein. 
A subsequent study (22) is concerned with compositional changes 
in the regenerating liver after partial hepatectomy, another 
situation characterized by rapid liver growth. 

Under these experimental conditions, studies were conducted 
on gross changes in hepatic composition and on the content of 
the following enzymes: glutamic-pyruvic transaminase, glutamic- 
oxaloacetic transaminase, arginase, alkaline phosphatase, @- 
glucuronidase, aldolase, fumarase, and succinic dehydrogenase. 
These were selected to represent different types of enzymatic 
activity. 


EXPERIMENTAL PROCEDURE 


Male Wistar rats, after weaning, were fed on a commercial 
diet! for 5 weeks. At the beginning of the experimental period 
their weight range was 120 to 180 g (mean 147 g); they were then 
given for 3 to 4 days a nutritionally adequate diet of the follow- 
ing composition: carbohydrate,? 700 g; Ca caseinate, 170 g; corn 
oil, 50 g; salt mixture IV (23) with the omission of CaCQs, 40 g; 
and vitamin mixture,’ 3 g. 

* This investigation was supported by a research grant (RF- 
58219) from the Rockefeller Foundation. 


Purina chow. 

2 “Dextromalto,’’ a hydrolysate of starch which contains dex- 
trins and maltose. 

3 The vitamin mixture contained for 30 kg of diet: choline, 30 g; 
calcium pantothenate, 0.600 g; niacinamide, 0.300 g; menadione, 


The animals were then fasted for 96 hours. Water was con- 
sumed ad libitum. After being fasted, the animals were refed 
for 96 hours with either the synthetic diet previously described 
(complete diet), or with another which contained zein as a source 
of protein instead of casein, and the corresponding amount of 
calcium carbonate (deficient diet). Zein is deficient in trypto- 
phan and lysine (24). Half the animals of a litter were fed with 
the complete diet and the other half with the deficient diet. 
Attempts to prolong the fast beyond 4 days were unsuccessful 
because of the extremely high mortality rate. Individual food 
consumption was not measured because of technical difficulties. 
The animals were weighed daily. The control groups received 
the experimental diets, but were not subjected to the period of 
fasting. 

During the periods of fasting and repletion, three to six animals 
were killed by decapitation every 24 hours. The livers were 
removed and weighed rapidly, washed with cold distilled water, 
and placed in a beaker with cracked ice. All subsequent manip- 
ulations were carried out at 4°. Portions of liver weighing 2.5 
to 5 g were homogenized in 0.85% NaCl in a Potter-Elvehjem 
homogenizer and quantitatively diluted in a volumetric flask to 
an appropriate volume (10 or 25 ml) with 0.85% NaCl. Aliquots 
of the homogenates were used for determination of protein by the 
biuret method (25) and of total lipids by gravimetic determina- 
tion of the ether-soluble residue after a 6-hour extraction in a 
Soxhlet apparatus of a paste of homogenate and CaSQO,. Dry 
weight was determined by heating at 110° to constant weight. 

The remainder of the homogenate was centrifuged at 1500 xX 
g at 4° for 20 minutes. The supernatant portion was assayed 
for alkaline phosphatase (26), glutamic-oxaloacetic and glutamic- 
pyruvic transaminases (27), arginase (28), fumarase (29), aldolase 
(30), succinic dehydrogenase (31), and @6-glucuronidase (32). 
The units were defined as indicated in the original procedures, 
except for arginase and aldolase in the analyses of which the 
amount of product formed was measured at 30 minutes. 

The enzyme assays were carried out under such conditions 
that the activity would be a function of the amount of the specific 
protein present, as suggested by Knox et al. (33). For this 
purpose kinetic studies of the abovementioned enzymes were 
performed in the homogenates, variation being made in incuba- 
tion time, substrate and cofactor concentration, enzyme con- 
centration, pH, and temperature. 


0.120 g; riboflavin, 0.090 g; thiamine, 0.180 g; pyridoxine, 0.075 g; 
crystalline biotin, 0.003 g; folic acid, 0.006 g; 1:10 dilution of 
vitamin Bye in sucrose, 0.300 g; sucrose, 58.326 g. 
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Individual determinations were carried out on the liver of each 
animal. The data are presented as the pooled results from five 
experiments run at various times, so that each point represents 
the mean of 12 to 15 determinations. Special care was taken to 
handle all animals in the same manner. 


WEIGHT OF LIVER 


01 
WEIGHT OF LIVER 
BODY WEIGHT 


x 100 


BODY WEIGHT 


DAYS 

Fig. 1. Variations in body and liver weight during fasting 
followed by repletion. , animals fed with complete diet 
during repletion. -—-~-, animals fed with deficient diet during 
repletion. , control animals (complete diet, C; deficient 
diet, Ci). The arrow indicates the shift from fasting to repletion. 
The change in body weight is given as the percentage of increment 
or decrement of the initial value, which corresponds to the mean 
obtained at zero time (147 g). Standard errors of the mean can- 
not be represented at the magnitude of the scales used. Range 
of standard errors of body weight determinations: 0.1 to 0.8%; 
liver weight determinations: 0.06 to 0.6 g. 


2.0 


ORY WEIGHT 


2 4 6 8 
DAYS 

Fig. 2. Variations in dry weight, protein, and lipids in the 
liver during fasting followed by repletion. A. Amount of a given 
constituent in the whole liver. B. Amount of a given constituent 
per 100 g of liver. ———, Animals fed with complete diet during 
repletion. -——- Animals fed with deficient diet during repletion. 
The arrow indicates the shift from fasting to repletion. The 
vertical lines represent the standard error of the mean. ¥, For 


these particular points the standard error was so large that it was 
not possible to include it in the figure (Curve A, 40.3; Curve B, 
7th day +1.83, 8th day +4.06). 
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Fic. 3. Variations in liver glutamic-pyruvie and glutamic- 
oxaloacetic transaminases during fasting followed by repletion. 
Specific activity is given as the number of arbitrary units per mg 
of protein. Total activity is given as the number of units in the 
whole liver. —-—, Animals fed with complete diet during reple- 
tion. -—~-—-, Animals fed with deficient diet during repletion. 
The arrow indicates the shift from fasting to repletion. The 

vertical lines represent the standard error of the mean. 


SPECIFIC ACTIVITY 


ALKALINE PHOSPHATASE 


TOTAL ACTIVITY x 1073 


Fic. 4. Variations in liver arginase and alkaline phosphatase 
during fasting followed by repletion. Symbols are the same as in 
Fig. 3. 


RESULTS 


The data presented in Fig. 1 demonstrate the disproportionate 
loss of liver weight as compared to body weight during the period 
of fasting. Upon repletion with the casein diet, there was a 
rapid gain in liver weight with restitution to the original liver 
weight during the first 24 hours. The rats fed with the zein- 
containing diet showed a considerable lag in the restitution of 
both body and liver weights and a persistently lower liver weight 
to body weight ratio as compared to the casein-fed group. 

Analyses of livers obtained during the period of fasting revealed 
(see Fig. 2) a loss of both water and solids during the first 72 
hours (the percentage of dry weight was approximately constant), 
with an accelerated loss of solids during the 4th day. 

Upon repletion with the complete diet, there was considerable 
deposition of hepatic lipid after 24 hours which did not appear 
when the rats were fed with the deficient diet. 

The changes in effective enzyme concentrations, expressed 
both per mg of protein and as total units, are summarized in 
Figs. 3 to 6. The variations from one to another under the 
experimental conditions and the late rise in 8-glucuronidase 
during the fasting period should be noted. In the course of 
repletion, the zein-fed animals demonstrated a more or less 
conspicuous lag in total enzyme content as compared with those 
on the casein diet, although the specific activities were the same 
or, in the case of fumarase, even higher. 

In order to rule out the possibility that the observed changes 
in enzyme activity could be due to the presence of inhibitors or 
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Fic. 5. Variations in liver glucuronidase and aldolase during 


fasting followed by repletion. Symbols are the same as in Fig. 3. 
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Fic. 6. Variations in liver fumarase and succinic dehydrogen- 
ase during fasting followed by repletion. Symbols are the same 
as in Fig. 3. 


activators, or to variations in the concentration of cofactors, 
mixtures of homogenates of normal animals and homogenates 
with different activities were assayed. The enzyme activity 
obtained in such experiments was found to be equal to the sum 
of the activities of each homogenate, as can be seen in Table I. 
Moreover, an excess of pyridoxal phosphate was added to some 
homogenates for the assays of the transaminase activities, but 
this did not affect the activity. 
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A statistical evaluation was made to test the significance of 
the observed changes in liver composition and enzyme assay, as 
well as to make a comparison of the values obtained in the 
animals fed with the complete diet and those fed with the defi- 
cient diet. It was found that the differences are significant 
(p <0.05) whenever there is not distinct overlapping of the 
standard errors. 


DISCUSSION 


The striking loss of 25% of body weight in these young rats 
after 4 days of fasting is considerably greater than that previ- 
ously reported for older animals (12, 34). The livers of these 
animals showed an even greater percentage of decrease in weight, 
with an accentuated loss of hepatic solids during the 4th day of 
fasting. These changes might explain why prolongation of the 
fast beyond the 4th day was associated with a very high mor- 
tality rate. After repletion, the rapid gain in liver weight is 
associated with rapid water deposition. The dry weight increase 
is not accounted for by the protein and lipid increments; the 
difference is probably attributable to glycogen deposition. The 
lipid deposition observed 48 hours after food was given appeared 
only in those animals fed to repletion with the complete diet. 
The difference between the animals fed with complete and defi- 
cient diets may be partially caused by a difference in total food 
consumption which, unfortunately, it was not possible to control. 
It is apparent that whereas liver weight diminished more rapidly 
than total body weight during the period of fasting, hepatic 
weight recovery is accelerated over that of other tissues after 
refeeding. Upon repletion with the inadequate (zein) diet, 
there is little total weight gain and considerable impairment in 
regeneration of hepatic mass. 

The results of the enzyme assays are expressed both in terms 
of specific activity (units per mg of protein) and as total activity 
(units per liver) as an aid to interpretation. An increase in 
specific activity could signify sparing of enzyme while other 
proteins are being destroyed, or a relative increase in enzyme 
synthesis. A decrease in specific activity would indicate the 
converse of these situations. However, when total enzyme activ- 
ity is considered, an increase implies net synthesis, and a decrease, 


TABLE [ 
Enzymatic assay of mixtures of liver homogenates from rats fasted from 0 to 4 days 
The experiment was carried out as follows: Equal volumes of the homogenates obtained from individual rats in a given group were 


pooled and assayed for enzyme activity. 


After this, equal volumes of homogenate pools were mixed as indicated in the table and the 


enzyme activity of the mixture was determined. Numbers in parentheses indicate the value for the mixture calculated from the val- 
ues of each component before mixing. The other numbers correspond to the values obtained by direct assay. Results are expressed 


as specific activities. 


Group A, nonfasted rats; for the other groups the time of fasting was: B, 24 hours; C, 48 hours; D, 96 hours. 


Four animals were used ineach group. Their weights ranged from 173 to 212 g; average 192 g. 


Rat group 
Enzyme 
a A+C A+D B+C B+D C+D 

ee | | | 
Glutamic-pyruvic transami- | | | 

750 737 | 1214 1981 692 (743) | 1008 (982) 921 (975) | 1300 (1359)| 1500 (1597) 
Cilutamic-oxaloacetic trans- 

1518 1234 | | 1350 (1776). 
93 75 117-88 86.5 (84) | | 86 (96) | 98.2 (102) 
Glucuronidase.............. 40 | | 74 | | 58 (57) | 
1100 | 700 960 | 930 880 (900) | 800 (830) | 960 (945) 
Succinic dehydrogenase... .. | 5.5, 4.0 7.0 4.6 (4.7). 5.8 (6.2) | 5.2 (5.5) 
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destruction of the enzyme involved. The variation in a given 
total activity should be considered in relation to the previous 
determination, regardless of the value at the beginning of the 
experiment. Although the changes in effective enzyme concen- 
tration could possibly be explained by changes in other factors, 
such as modifications in the permeability of particles or re- 
distribution of activities among them, these appear to be less 
likely than an absolute increase or decrease of specific proteins, 
particularly under conditions in which synthesis and destruction 
of protein are to be expected. The possibility of changes in the 
concentration of activators and inhibitors made it necessary to 
perform the experiments described in Table I. 

It is apparent that under the conditions of this study there is 
a distinctive pattern for each enzyme. During the period of 
fasting, after initial loss for all the enzymes except 8-glucuronid- 
ase, there was synthesis of glutamic-pyruvic transaminase, 
arginase, fumarase, succinic dehydrogenase, and most strikingly 
8-glucuronidase which increased 2-fold on the 4th day of fasting 
(6-fold increase in specific activity). Though increase in £- 
glucuronidase activity has been previously associated with 
anabolic processes (35, 36), it is noteworthy that in the present 
studies a precipitous increase is noted during a period of accel- 
erated catabolism, with a subsequent decrease during the anabolic 
phase after repletion. Since such a spectacular rise in hepatic 
6-glucuronidase occurs during the stress of fasting, it is possible 
that the increase in free adrenal corticosteroids and in steroid 
half-life encountered during stress (37) may be due to increased 
hydrolysis of steroid glucuronides, rather than to deficient 
hepatic conjugation, as previously supposed. This problem is 
being investigated at present. @-Glucuronidase is known to be 
one of the enzymes present in the subcellular particles called 
lysosomes. Homogenization of the liver tissue in NaCl solution 
breaks these particles (38). Therefore, under the conditions 
used in the present work, this enzyme was liberated from the 
lysosomes. Furthermore, the particles do not sediment at the 
centrifugal force at which the nuclei were separated. DeDuve 
(39) found that B-glucuronidase, as well as other lysosomal en- 
zymes, are released to the protoplasm during prolonged fasting. 
He states that in such conditions ‘‘these enzymes participate 
only to a small extent in the protein loss.” According to our 
results, however, 8-glucuronidase is synthesized during fasting. 

An increase in glutamic-pyruvie transaminase has been noted 
previously in other situations associated with gluconeogenesis 
(40, 41). The elevation observed in fasting is plausibly related 
to the increase in adrenal glucocorticosteroids which occurs in 
this condition (42). However, the type of the curve obtained 
here differs from that reported by Rosen et al. (41) in a similar 
experiment. 

The synthesis of arginase during the fasting period might also 
be related to increased adrenal activity, since this enzyme in- 
creases after corticoid administration (43, 44). It is possible 
that the increase in arginase might be related to an increased 
release of arginine during a period of rapid protein catabolism; 
however, it has been reported that arginase is not induced by its 
substrate (45). The alkaline phosphatase appears to parallel 
changes in total liver protein, as previously noted (14). Similar 
changes were noted for glutamic-oxaloacetic transaminase and 
aldolase. 

The results presented in Table I differ from those that appear 
in Figs. 3 to 6. Twenty-four hours after fasting, the specific 
activity of the enzyme dropped less markedly; 96 hours after 
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fasting glutamic-pyruvic transaminase and fumarase did not 
decrease, arginase did not drop as much as before, and the in- 
crease in glucuronidase was not as high. Although this experi- 
ment was carried out with a small number of animals, and possi- 
bly other unknown factors are involved, there are indications 
that the differences observed are probably due to the fact that 
larger animals were used this time (192 as opposed to 147 g). 
Studies in progress in this laboratory show that the pattern of 
enzyme variation during fasting depends, indeed, on the initial 
weight of the rat. 

It is apparent that the lag in total hepatic enzyme concentra- 
tions of the zein-fed animals is commensurate with the smaller 
livers, since the specific activities are very similar. Thus the 
pattern of change of the enzymes studied is not affected by 
feeding the animals with diet containing an incomplete protein 
source for a 4-day period. 


SUMMARY 


During a 4-day period of fasting, young adult male rats mani- 
fested a 25% loss in body weight, with disproportionately greater 
loss in liver weight; there was accelerated loss of hepatic solids 
during the 4th day of fasting. Repletion with an adequate 
(casein) diet permitted rapid restoration of liver weight, whereas 
initial liver weight was not recovered in animals refed a zein diet. 

Sequential studies of various enzymes selected so as to be 
representative of different types of enzymatic activity demon- 
strated a striking variability in specific and total activities 
throughout the course of these experiments. During the fasting 
period, there was noted an increase of glutamic-pyruvic trans- 
aminase, arginase, fumarase, succinic dehydrogenase, and most 
strikingly, $-glucuronidase, whereas alkaline phosphatase, 
glutamic-oxaloacetic transaminase, and aldolase showed a decline 
commensurate with hepatic protein loss. After repletion, the 
original level of six of the eight enzymes studied was regained. 

Substitution of zein for casein in the repletion diet was asso- 
ciated with a reduction in total, rather than specific enzyme 
activity, commensurate with the lower hepatic weights in the 
zein-fed animals. 
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As a companion study to the investigation of changes in en- 
zyme activities during fasting and repletion (1) the present in- 
vestigation is concerned with changes in the regenerating liver 
after removal of the greater part of that organ. 

A period of active hepatic anabolism is common to both situa- 
tions. However, there occurs marked loss of solids, variation in 
enzyme composition (1), and diminution of cell volume as indi- 
cated by the constancy of deoxyribonucleic acid content (2) in 
the liver of the fasted animal before repletion, whereas there is 
normal composition of the hepatic remnant at the time of partial 
hepatectomy. Our previous studies emphasized the nonuni- 
formity of regeneration of hepatic constituents after repletion 
after starvation (1). Other investigations (3-7) have established 
that not all hepatic components regenerate at the same rate after 
partial ablation of the liver. Thus a direct comparison of the 
two situations (with the use of the same methods) seemed in 
order, and afforded an opportunity for comparison of hepatic 
composition during these differing anabolic states. 


EXPERIMENTAL PROCEDURE 


Male Wistar rats were fed on a commercial diet! for 6 weeks 
after weaning. They were then given a previously described (1) 
complete synthetic diet for 4 days preceding partial hepatec- 
tomy. At the time of surgery their average weight was 179 g 
with arange of 180 to 210g. Partial hepatectomy, with removal 
of approximately two-thirds of the liver, was performed accord- 
ing to the technique of Higginsand Anderson (8). Subsequently, 
litter mates were distributed among three dietary groups: Group 
I was fed the complete (casein) diet, and Group II the zein- 
containing diet. Group III was fed the zein-containing diet for 
8 days preceding subtotal hepatectomy. During this time the 
average body weight decreased from 179 to 163 g. This group 
was continued on the zein diet after surgery. 

Animals in Groups I and II were killed by decapitation at 
intervals of 6, 12, 18, 24, 48, 72, and 96 hours after surgery; the 
Group III animals (in which interest was focussed on total re- 
generation) were killed at 24-hour intervals after surgery. The 
livers were processed, and analysis of liver homogenates con- 
ducted as previously described (1). Portions of liver removed at 
surgery were used to obtain initial values for the various constit- 
uents. The data represent the pooled results of three different 


* This investigation was supported by a research grant (RF 
58219) from the Rockefeller Foundation. 
1 Purina Chow. 


experiments; each point on the graphs gives the average of eight 
to sixteen individual determinations. 

The extent of liver regeneration after partial ablation was es- 
timated by application of Gavosto’s formula (9). Initial liver 
weight was calculated from data obtained in the previous study 
(1), in which liver weights as a percentage of total body weights 
had been determined. There was good agreement between the 
two methods of calculating the percentage regeneration of he- 
patic weight. 


DISCUSSION AND RESULTS 


During the regeneration period following subtotal hepatec- 
tomy, the results in respect to body weight, liver weight, liver 
composition, and enzyme activities were very similar in the 
Group I and the Group II animals (Figs. 1 to 6). It seemed 
possible that, despite dietary deficiency during the period of 
hepatic regeneration, sufficient substrates might be made avail- 
able to the liver from catabolism of other tissues so as to permit 
optimal hepatic regeneration. The Group III animals were 
introduced into the experiment as a test of this hypothesis; it was 
thought that a deficient diet given for 8 days before partial hep- 
atectomy might deplete the supply of metabolites which could 
be drawn upon from other tissues. The Group III animals did 
show a significantly slower increase in liver size, hepatic dry 
weight, and protein deposition. However, the considerable body 
weight loss noted in the Group I and Group II animals after 
partial hepatic ablation, also demonstrated previously (3), was 
not observed in the Group III animals. This suggests an adap- 
tation to the diet, which renders much less marked the body 
weight loss usually experienced afer partial hepatectomy. 

The enzyme changes which occurred in the regenerating liver 
showed considerable diversity and were also affected by diet. 
The initial total activity of glutamic-pyruvic transaminase, argi- 
nase, aldolase, fumarase, and succinic dehydrogenase was lower 
in Group III than in the other groups. The interpretation of 
enzyme changes in relation to changes in specific and total ac- 
tivity has been previously discussed (1). During regeneration 
one finds a decrease in total content of glutamic-pyruvic trans- 
aminase, arginase, and 8-glucuronidase commensurate with the 
smaller liver size in the Group III animals. The Group III 
specific activities of glutamic-oxaloacetic transaminase, aldolase, 
fumarase, succinic dehydrogenase, and both specific activity 
and total content of alkaline phosphatase were actually higher 
in those animals given the deficient diet before hepatic surgery. 
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Fic. 1. Variations in body and liver weight during regeneration 
Group I; ---, Group II; 


after partial hepatectomy. 
—+-+-: , Group III (see text); @, Amount in the whole liver before 
hepatectomy, Groups I and II; §§, Amount in the whole liver be- 
fore hepatectomy, Group III. The change in body weight is 
given as the per cent increment or decrement in relation to the 
value at the time of the hepatectomy (zerotime). Average initial 
weight: Groups I and II, 179 g; Group III, 163 g. C = Nonhepatec- 
tomized animals fed with complete diet (initial weight 179 g); 
C, = Nonhepatectomized animals fed with deficient diet (initial 
weight 179 g). The vertical lines represent the standard error of 
the mean. These cannot be included for the body weight because 
of the magnitude of the scale used (Range of standard errors 0.2 
to 0.9%). 


Fig. 2. Variations in dry weight, protein, and lipid in the liver 
during regeneration after partial hepatectomy. A = Amount of 
a given constituent in the whole liver; B = Amount of a given 
constituent per 100 g. of liver; , Group I; ---, Group IT; 
—ta+a: , Group III; (see text). Q@, Amount in the whole liver be- 
fore hepatectomy, Groups I and II. §§, Amount in the whole 
liver before hepatectomy, Group III. The vertical lines represent 
the standard error of the mean. 
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Fig. 3. Variations in liver glutamic-pyruvie and glutamic- 


oxaloacetic transaminases during regeneration after partial hepa- 


Specific activity is given as the number of arbitrary 
units per mg of protein. Total activity is given as the number of 
units in the whole liver. ——, Group I; —---, Group II; -----.-, 
Group III (see text) ;@, Amount in the whole liver before hepatec- 
tomy, Groups I and II. §§, Amount in the whole liver before 
hepatectomy, Group III. The vertical lines represent the stand- 
ard error of the mean. 
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Fic. 4. Variations in liver arginase and alkaline phosphatase 
during regeneration after partial hepatectomy. Same legend as 
in Fig. 3. 
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Fig. 5. Variations in liver aldolase and 8-glucuronidase during 
regeneration after partial hepatectomy. Same legend as in Fig. 
3. 
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The demonstration of coexistent synthesis of some enzymes (al- 
kaline phosphatase, glutamic-oxaloacetic transaminase) and de- 
struction of others (aldolase, fumarase, 8-glucuronidase) during 
early hepatic regeneration clearly demonstrates the nonuniform- 
ity of enzyme behavior during this period. 

It has been claimed (7, 10-13) that microsomal enzymes re- 
generate faster than mitochondrial enzymes. However, the 
results of our studies indicate that there is a variable rate of 
regeneration for enzymes located in the same intracellular par- 
ticle. For instance, fumarase and succinic dehydrogenase, both 
mitochondrial enzymes, were synthesized at different rates, al- 
though their level of activity at 96 hours was similar to that 
observed in liver removed at surgery. 

The early rise in glutamic-oxaloacetic transaminase is corre- 
latable with the known early rise in hepatic amino acids, particu- 
larly glutamic and aspartic acids (14, 15) and with the increase 
in hepatic protein synthesis after subtotal hepatectomy. 

Of note is the observation that when there was a predominant 
catabolism of proteins during depletion (1) the glutamic-pyruvic 
transaminase increased markedly, and when there was a pre- 


dominant anabolism of proteins, 2.e. during repletion and regen- 


eration after partial hepatectomy, the glutamic-oxaloacetic trans- 
aminase was the enzyme which was elevated. 

The increase in specific and total activity of alkaline phospha- 
tase noted here is less than that found by Rosenthal et al. (16) 
in whole homogenates. The discrepancy between these and 
Rosenthal’s results could be explained by the fact that most of 
the enzyme is sedimented at low speed centrifugation and that 
the enzyme in the present study was assayed in a homogenate 
centrifuged at 1500 x g. 

Most of the enzymes studied here failed to recover in propor- 
tion to the increase in liver weight and protein content. It has 
been suggested that this increment corresponds to the increased 
synthesis of serum albumin (15). 

A statistical evaluation of the observed changes was made. 
The same criterion used in the previous paper (1) can be applied. 

It is of great interest to compare and contrast the pattern of 
hepatic regeneration during repletion after fasting and that mani- 
fested subsequent to partial hepatectomy. After 4 days of 
fasting, liver weight declined to 39% of normal; at operation, 
hepatic mass was reduced to an estimated 33% of the original. 
The liver composition, however, was radically altered after fast- 
ing in that dry weight decreased, and the concentration of gly- 
cogen, lipids, and proteins dropped. Of the eight enzymes 
studied (1) glutamic-pyruvic and glutamic-oxaloacetic trans- 
aminase, alkaline phosphatase, and succinic dehydrogenase were 
at near normal concentration (wet weight basis); aldolase, argin- 
ase, and fumarase were lower; and 8-glucuronidase was greatly 
increased after fasting. 

Refeeding after fasting led to a rapid increase in body weight, 
whereas loss of weight followed surgery in those animals previ- 
ously fed an adequate diet. Regeneration of hepatic weight 
proceeded rapidly after refeeding of the fasted animals. It was 


more rapid in those on the complete diet in whom initial hepatic 
weight was achieved within the first 24 hours after refeeding. 
This occurred even though other body tissues had to be replen- 
ished. The partially hepatectomized animals demonstrated 
recovery to the extent of 70% (net increment 37%) of the initial 
liver weight by 96 hours. There was rapid deposition of liver 
lipid during the first postoperative day as compared to a 24-hour 
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Fig. 6. Variations in liver fumarase and succinic dehydrogenase 


during regeneration after partial hepatectomy. Same legend as 
in Fig. 3. 


lag in lipid deposition after refeeding of the fasted animal. This 
finding is consistent with the previous demonstration that the 
fasted rat is unable to synthesize either fatty acids (17) or cho- 
lesterol (18). Liver protein increased steadily during repletion 
of the fasted animals, whereas after partial hepatectomy there 
was rapid initial increase in protein concentration followed by 
ultimate decrease. The preoperative values were not reached 
during the period of observation. After feeding the complete 
diet for 4 days to the previously fasted animals, the original con- 
tent of six of the eight enzymes was regained whereas after 
partial hepatectomy, the content of only two of the eight enzymes 
returned to normal. 

The study of the influence of the diet on both liver recovery 
systems indicates that in the repletion system the specific activ- 
ity of the enzymes studied was the same in the animals fed with 
the complete diet and in those to whom a deficient diet was 
given. However, the total activity was lower in the latter be- 
cause of the different liver size. The deficient diet did not have 
any effect when it was administered at the time of the operation 
to the partially hepatectomized animals. This has been inter- 
preted to mean that precursors for hepatic anabolism were 
available to the liver by mobilization from other tissues. When 
the deficiency was started before the hepatectomy, it was pos- 
sible to obtain an effect only in the activity of 6-glucuronidase 
and glutamic-pyruvic transaminase. 

The livers of the repleted animals recovered faster and more 
completely than did the livers after partial hepatectomy. This 
occurred even though the former groups not only had to synthe- 
size liver tissue but also other body tissues depleted by fasting. 


SUMMARY 


Subtotal (two-thirds) hepatectomy of male Wistar rats was 
performed in order to study the hepatic composition changes 
which occur during liver regeneration, as compared to hepatic 
changes after refeeding subsequent to fasting; the effects of a 
complete (casein) diet and an incomplete (zein) diet were also 
tested. 

The animals adequately fed before partial hepatectomy showed 
considerable decline in body weight after surgery; the body 
weight loss attributable to hepatectomy was negligible in the 
rats given an incomplete diet for 8 days before surgery. 
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There was more adequate ultimate regeneration in respect to 
hepatic weight and total solids in the animals subjected to fast- 
ing followed by repletion; the pattern of hepatic reconstitution 
was different under the conditions of the two types of experiment. 

As posthepatectomy regeneration proceeded, there was con- 
siderable variation in specific activity and content of the eight 
enzymes studied; the effect of diet was manifested pr.ncipally on 
total content of enzymes for each enzyme was similar in the three 
dietary groups. Some enzymes appeared to be destroyed and 
synthesized during early hepatic regeneration after subtotal abla- 
tion of the liver. In the case of only two enzymes was there 
restoration of original content during the 4 days after subtotal 
hepatectomy. 
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The dinitrophenylhydrazine method for the determination of 
ascorbic acid is based upon treatment with 85% H.SO, of the 
chromogen formed by the coupling of 2,4-dinitrophenylhydra- 
gine with oxidized ascorbic acid. In the original publication of 
this method, Roe and Kuether (1) set the temperature of the 
coupling reaction at 37° and used a 3-hour incubation period. 


- These authors showed that a low temperature for this reaction, 


together with proper dilution, would avoid interference from 
glucose, fructose, xylose, and glucuronic acid. Schaffert and 
Kingsley (2) published a modification of this method in which 
the coupling reaction is carried out at 100° for 10 minutes. It is 
the purpose of this paper to show that the Schaffert and Kingsley 
modification yields values markedly higher than the true content, 
because of the formation of chromogen from nonascorbic acid 
substances. The amount of interference that may be expected 
from glucose, fructose, and glucuronic acid when the coupling 
reaction is carried out at 37° and 100° is also reported. Further 
studies of the specificity of the dinitroppenythydragine.method 
are presented and a convenient procedure for testing the specific- 
ity of this procedure is proposed. e 


EXPERIMENTAL PROCEDURE 


Comparative Analyses—Twelve food substances were homoge- 
nized, or diluted, in 0.5% oxalic acid and four animal tissues 
were ground under 4% trichloroacetic acid. All substances were 
extracted, or diluted, with 50 volumes of acid solution, except 
muscle which was ground under 10 volumes of extracting fluid. 
Extracts were treated with Norit and filtered. Duplicate 4-ml 
aliquots of each extract and of a dehydroascorbic acid standard 
solution were placed in colorimeter tubes and 1 ml of 2 ,4-dinitro- 
phenylhydrazine reagent! was added to each tube. Three groups 
of tubes, each containing the extracts and dehydroascrobic acid 
standard solution mixed with reagent, were treated as follows. 
Qne group was placed in a refrigerator at 15° for 17 hours; one 
group was incubated in a water bath at 37° for 3 hours; and one 
group was heated in a boiling water bath for 10 minutes. At 
the completion of treatment, 5 ml of 85° H»SO4 were added 
dropwise to each tube in an ice bath. After the solutions had 
stood for 30 minutes, color measurement was made in an Evelyn 
colorimeter with a 520 muy filter. 


' Prepared by dissolving 2 g of 2,4-dinitrophenylhydrazine and 
4g of thiourea in 100 ml of 9 N H2SO,. This is preferable to the 
original Roe and Kuether (1) procedure of adding 1 drop of 10% 
thiourea solution to each tube. 


Determination of Amount of Interference from Glucose, Fructose, 
and Glucuronic Acid—To a solution of dehydroascorbic acid con- 
taining 10 ug per ml was added glucose or fructose or glucuronic 
acid, in amounts ranging from 0 to 5mg per ml. Duplicate 4-ml 
aliquots of each solution were placed in colorimeter tubes and 1 


mil of 2,4-dinitrophenylhydrazine reagent was added to each 


tube. Two groups of tubes were prepared. One group was 
placed in a water bath at 37° for 3 hours, and the other was 
heated in a boiling water bath for 10 minutes. At the completion 
of the treatment the tubes were cooled, and 5 ml of 85% H.SO, 
were added dropwise to each tube in an ice bath. After 30 
minutes of standing, colorimetric comparison was made. 


RESULTS 


In Table I the results obtained with the temperature of the 
coupling reaction at 15° and 37° agree within permissible limits 
of error and are considered true values for ascorbic acid, except 
for the tomato, which gave a value 18% higher at 37° than at 
15°. 

The values obtained with the coupling reaction at 100° are 
markedly higher than those found at 15° and 37°, except for kale 
and spleen. Conspicuous instances are the results for carrots, 
squash, pineapple, cucumber, tomato, liver, and muscle, which 
were higher than the values obtained at 15° by 145, 75, 78, 144, 
129, 35, and 40%, respectively. The higher values were ob- 
tained by the modification of Schaffert and Kingsley (2). They 
are considered erroneous and the increases appear to be due to 
additional chromogen formed from sugars or glucuronic acid. 
In Table II are data that show the increases in optical density 
observed when glucose or fructose or glucuronic acid was added 
to a pure dehydroascorbic acid solution and the coupling reac- 
tion with 2,4-dinitrophenylhydrazine was carried out at 37° for 
3 hours and at 100° for 10 minutes. Table III was prepared from 
data available in the literature upon the content of sugar and 
pectic substances in some of the foods in Table I. 


DISCUSSION 


The dinitrophenylhydrazine method for ascorbic acid is made 
highly specific by attention to two factors: the temperature of 
the coupling reaction and the dilution of the tissue extract. 

The results obtained in Table I with the temperature of the 
coupling reaction at 15° and 37° are considered specific values 
for ascorbic acid, except for the tomato. This conclusion is 
based upon the following reasoning. The coupling reaction rates 
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of substances of different structure are different. The reaction 
rate for the coupling of 2,4-dinitrophenylhydrazine with de- 
hydroascorbic acid is extremely fast and the coupling rates for 
interfering substances found in tissues are much slower. If in- 
terfering substances were present that couple more slowly with 
2 ,4-dinitrophenylhydrazine than dehydroascorbic acid, higher 
values would be obtained at 37° than at 15°. Since the values 
at 15° and 37° are in close agreement, it follows that nondehydro- 
ascorbic acid chromogen was not formed at either temperature 
in measurable amounts. 


As shown in Table II, with the coupling reaction at 37° there 
Was no increase in optical density from added glucose in amounts 


TABLE I 


Comparison of values obtained with 2,4-dinitrophenylhydrazine 


method when coupling reaction is carried out at 


Comparative Analyses for Ascorbic Acid 


different temperatures 
Temperature of Ratio of values 
coupling reaction 
15° | 37° | 100° 
mg/100 g 
Collard groom. ............ 90.3 86.8 104.2 96 116 
44.6 45.1 | 55.5 | 101 124 
13.2 | 14.5 | 32.1 109 245 
23.8 25.5 | 41.6 | 108 175 
43.4 43.9 | 64.5 101 149 
27.0 | 27.8 | 48.1 103 178 
14.6 15.2 | 35.6 | 104 244 
71.2 70.6 | 79.7 99 112 
49.3 50.4 | 55.8 | 102 113 
Grapefruit juice........... 61.2 60.4 | 69.5; 98 | 114 
17.3 | 20.4 39.3 | 118 229 
91.1 89.0 | 94.1 98 103 
52.3 53.2 | 70.2 | 102 135 
24.2 | 24.7 | 32.2 | 102 133 
5.2) 5.2] 7.3] 100 140 
TABLE II 


Increases in optical density in 2,4-dinitrophenylhydrazine method 


at 87° and 100° from glucose, fructose, and glucuronic acid 


| Coupling reaction: in- 
crease in optical density 
Compound added | 
| At 37° for | At 100° for 
| 3 hr 10min 
mg/ml | 

| 3.00 0 | 0.086 
5.00 0.019 | 0.412 
.  . 0.25 0.022 0.157 
0.75 0.047 0.466 
1.50 0.072 1.103 
| 3.00 0.125 


TABLE III 
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Content of total sugar, fructose, and pectic substances in certain foods 


Values are on a fresh weight basis, except for the pectic sub. — 


stances in cabbage and grapefruit which are based on dry weight. 
For cabbage, carrots, squash, and tomato, values are from 


Potter, Wilson, and Williams (3); for orange, lemon, and grape. © 


fruit juices, from McCready, Walter, and Maclay (4). For total 
pectic substances, values are from Kertesz (5). : 
Foods Total sugar! Fructose oe 
Grapefruit juice................... 5.00 
27 {| ta 0.22 


up to 5 mg per ml, and from added fructose in concentrations 
up to 3 mg per ml. 


mination of ascorbic acid in plant and animal tissues. In the 


analysis of foods to which large amounts of sugar have been 


added, the data of Table IT indicate the dilution of extracts that 
should be used. 


These data mean that with extracts diluted 
1:10, there would be no interference in the analysis of tissues | 
containing 5% glucose or 3% fructose. Since the regular dinitro- | 
phenylhydrazine method calls for dilutions of 1:50 or greater, 
it follows that glucose and fructose do not interfere in the deter- 


In the analyses of solutions containing added glucuronic acid | 


in Table II, there were increases in optical density with the 
coupling reaction at 37° and at 100°; the increases were 7 to 15 
times greater at 100° than at 37°. From the data of Table II 


it can be calculated that a sample of urine containing 2500 mg © 


of free glucuronic acid per liter, when analyzed with a dilution of 
1:20 (the minimal recommended dilution) and a coupling reac- 
tion temperature of 37°, would show an apparent ascorbic acid 
content of 2.34 mg per liter, because of the glucuronic acid. 
Since 2500 mg of glucuronic acid per liter of urine is a high value, 
and glucuronic acid occurs in urine mostly in the conjugated 
form which does not couple with 2,4-dinitrophenylhydrazine 
until after hydrolysis, it is clear that glucuronic acid does not 
offer appreciable interference in urine analyzed by the Roe and 
Kuether method. A similar argument may be made for glucu- 
ronic acid in tissues. The greatly increased chromogen formed 
from glucuronic acid with the coupling reaction temperature at 
100°, and the hydrolysis of the conjugated form that occurs at 
this temperature, liberating the free acid, are factors that offer 
additional objections to the use of 100° as the coupling reaction 
temperature. 


Calculations based upon the data of Tables II and III will © 
show that there is enough sugar and polyglucuronide in certain — 


of the foods in Table I to explain the higher values obtained 
with the coupling reaction at 100° with extracts of the products 


diluted 1:50. 
The erroneously high values for liver, kidney, and muscle 1n 


Table I, with the coupling reaction at 100°, may be explained | 
as due to the chromogen formed at this temperature from glucose | 
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or glucuronic acid, or from glycogen and conjugated glucuronides 
after hydrolysis, as shown in Table II. 


Proposal 


The procedure of making comparative analyses of extracts with 
the temperatures of the coupling reaction at 15° and 37°, or at 
other relatively low temperatures 20 or more degrees apart, is 
proposed for determining the specificity of the dinitrophenyl- 
hydrazine method. This is based upon the principle that the 
coupling reaction rates of 2,4-dinitrophenylhydrazine with sub- 
stances of different structure are different; and since dehydro- 
ascorbic acid and diketogulonic acid have extremely fast coupling 
rates with this reagent, it is possible to find conditions under 
which the slower reacting compounds do not produce measurable 
amounts of chromogen. The data in Tables I and II support 
this proposal. 


SUMMARY 


1. The Schaffert and Kingsley modification of the Roe and 
Kuether method for the determination of ascorbic acid, in which 


J. H. Roe 


1615 


the temperature of the coupling reaction of 2,4-dinitrophenyl- 
hydrazine with dehydroascorbic acid is 100° instead of 37°, has 
been shown to yield erroneously high results. 

2. The amount of additive error in the dinitrophenylhydrazine 
method that would result from the presence in tissue extracts of 
glucose, fructose, and glucuronic acid, with the coupling reaction 
temperature at 37° and at 100°, has been determined. 

3. The procedure of making comparative analyses of a tissue 
extract with the temperature of the coupling reaction at 15° and 
37° has been proposed as a method for determining the specificity 
of the dinitrophenylhydrazine method. 
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PAU Science Division Sponsors Operation 
Clean-out-the-attic 


WASHINGTON, D. C. (PAU)—Under a new program organized by the Division of 
Science Development of the Pan American Union, General Secretariat of the Organiza- 
tion of American States, thousands of issues of scientific and technical journals are being 
transferred from the overcrowded libraries of United States scientists to the under-stocked 
shelves of the libraries and information centers of Latin America. The rapid develop- 
ment of the sciences in that area make availability of journal files essential. The transfer 
is being accomplished through the U. 8S. Book Exchange, Inc., in Washington. 

The U. 8. B. E. is a nonprofit corporation that acts as a central clearing house for the 
exchange of books and journals between libraries all over the world. It also receives and 
distributes contributions from individuals. In a total membership of 2500 libraries, 1400 
are in foreign countries of which 365 are in Latin America. The Latin American mem- 
bership is steadily increasing, and the use the libraries of that area make of the services 
of the U.S. 3. E. and the amount of material they contribute to the exchange is also ex- 
panding. ‘The stocks of books and journals in U.S. B. E. is large; more than one and a 
half million items are exchanged annually. However, requests often exceed supplies, 
particularly for scientific journals. 

The Pan American Union program is directed toward augmenting both the stocks of 
U.S. B. E. and the Latin American membership and use. Scientists of the U.S. A. are 
being asked to donate to the U. 8S. B. E. files of scientific and technical journals which 
they no longer wish to keep in their libraries. The value of the gift plus the cost of making 


it (mailing charges in this case) are income tax deductible. Latin American libraries are 


being informed of the services of the U.S. B. E. and urged to join and make full use of the 
opportunity. 

Further information about the program may be obtained from the U. 8. Book Exchange, 
3335 V St. N E., Washington 18, D. C., or from the Division of Science Development, 
Pan American Union, Washington 6, D. C. 
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